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PROJECT  ABSTRACT 


Research  is  continuing  on  establishing  the  technical  and  economic 
feasibility  of  excavation  systems  based  upon  the  rock-melting  (Subterrene) 
concept.  A  series  of  electrically  powered,  small-diameter  prototype  melt¬ 
ing  penetrators  have  been  developed  and  tested.  Research  activities 
include  optimizing  penetrator  configurations,  designing  high-performance 
heater  systems,  and  improving  refractory-metals  technology.  The  properties 
of  the  glass  linings  that  are  automatically  formed  on  the  melted  holes  are 
being  investigated  for  a  wide  variety  of  rocks  and  soils.  Thermal  and 
fluid-mechanics  analyses  of  the  melt  flows  are  being  conducted  with  the 
objective  of  optimizing  penetrator  designe.  Initial  economic  models  of 
the  rock-melting  concept  extended  to  large  tunnelers  are  being  developed. 
Field  tests  and  demonstrations  of  the  prototype  devices  continue  to  be  per¬ 
formed  in  a  wide  range  of  rock  and  aoil  types.  The  conceptual  design  of 
the  electrically  powered,  self-propelled,  remotely  guided,  horizontal 
tunnel-alignment  prospecting  system  (Geoprospector)  has  been  initiated. 

Such  a  device  will  also  find  applications  In  energy  transmission,  i.e., 
utility  and  pipeline  installations. 

The  long-term  goal  of  the  research  is  to  develop  the  technology  and 
prototype  hardware  that  will  ultimately  lead  to  large  tunneling  devices, 
with  improved  advance  rates  and  reduced  tunnel  project  coats.  The  rock¬ 
melting  concept  includes  elements  that  will  result  in  innovative  solutions 
to  the  three  major  functional  areas  of  tunneling:  rock  disintegration, 
materials  handling,  and  hole-support  linings.  The  proposed  excavation 
method,  which  la  relatively  Insensitive  to  variations  In  rock  formation, 
produces  a  liquid  melt  that  can  be  chilled  to  a  glass  and  formed  into  a 
dense,  strong,  firmly  attached  hole  lining. 

Unique  applications  to  large  automated  tunneling  systems,  ultradeep 
coring  for  geoscience  research,  and  hot-rock  penetration  for  geothermal 
energy  development  are  being  investigated. 


i.  nrmoDucTioN  and  suMim 

A.  Objectives 

The  technical  efforts  and  resources  of  the  LASL  rock-melting 
(Subterrene )  program  have  been  distributed  to  yield  a  balance  of  prototype 
hardware  of  Increasing  complexity  and  size,  laboratory  experiments,  prac¬ 
tical  field-test  experience,  design  and  economic  analyses,  electric  heater 
development,  materials  development  and  applications,  and  theoretical 
studies.  The  results  of  these  technical  activities  are  planned  to  yield: 

•  The  demonstration  of  the  basic  feasibility  of  rock-melting  as  a 
new  excavation  tool  for  applications  up  to  150  mm  (6  In. )  In 
diameter. 

•  Operational  and  field-test  data  from  prototype  devices  of  a  range 
of  slzee  and  configuration,  and  the  verification  of  preliminary 
theoretical  modeling  needed  to  scale  to  larger  diameters,  predict 
performance,  make  cost  estimates,  and  optimize  advance  rate 

and  reliability. 

•  Refractory  materials  technology  sufficiently  established  to  permit 
predictions  of  component  life  and  to  generate  materials  selection 
criteria  for  prototype  development  needs  end  projections  of  service 
life  for  systems  in  practical  applications. 

•  Field-test  experience  and  operational  demonstrations  sufficient  to 
project  commercial  use  In  the  is^crtant  practical  application  of 
coring  In  loose  or  unconsolidated  materials,  and  to  demonstrate 
the  potential  utility  of  the  smaller- diameter  prototype  devices. 

•  Theoretical  models  and  analytical  techniques  needed  to  describe 
the  heat  transfer  and  fluid  mechanics  of  the  rock-melting  end  pene¬ 
tration  processes  for  the  purposes  of  optimizing  configurations, 
predicting  performance,  and  scaling  of  system  dimensions. 

B.  Technical  Approach 

The  technical  effort  le  organized  Into  five  technical  activity  areas 
whose  functions  are: 

•  Prototype  Design  and  Teat. 

•  Directed  Research  and  Development. 

•  Power  Source  Design  snd  Development 

•  Field  Test  and  Demonstrations 

•  Systems  Analysis  and  Applications, 

The  significant  results  and  achievements  In  the  research  and  development 
program  are  summarized  for  each  of  these  five  technical  activities  In  five 
major  sections  of  this  report  for  the  period  December  31,  197*?  to 
September  1,  1973. 

C.  Suawary 

The  beginning  of  this  year  has  seen  a  considerable  expansion  of  the 
LASL  research  and  development  efforts  In  applying  rock-  and  soil-melting 
techniques  to  excavation  technology.  Extended  laboratory  and  field 
activities  lave  been  Initiated.  The  technical  staff  assigned  to  the 
program  and  the  laboratory  facilities  have  been  lncreaaed  significantly. 

The  Program  staffing  and  technical  tasks  ax*  planned  to  form  the  nucleus 
for  en  effort  that  would  he  directed  toward  the  application  of  rock- 
melting  to  large-diameter  tunneling  systems. 


The  design  and  development  of  the  initial  configuration  of  an  extruding 
penetrator  was  finished.  laboratory  experiments  with  this  66-mm-diam,  sin- 
gle-melt-flow-channel,  extruding  penetrator  were  successfully  completed  and 
holes  were  melted  in  basalts,  granite,  and  a  variety  of  low-density  and 
loose  soils.  These  universal  extruding  penetrators  (UEPs)  showed  the  basic 
features  of  rock-melt  flow  handling.  Debris  in  the  form  of  glass  pellets, 
glass  rods,  or  rock  wool  was  formed  by  chilling  the  melt  end  carrying  the 
debris  out  of  the  stem  with  the  coolant  flow.  A  larger- diameter  (82  mm) 
high-advance-rate  UEP  was  designed  and  fabricated.  The  114-mm-diam  coring- 
consolldatlng  penetrator  system  that  produces  a  63-nm-diom,  glass-cased 
core  was  designed,  fabricated,  and  initially  tested.  The  conceptual  design 
study  for  a  300-mm-diam  coring  Geoprospector  was  finished.  Ibis  electri¬ 
cally  powered  minitunneler  is  intended  to  he  the  major  design  study  of  the 
current  program  and  is  based  upon  the  experience,  data,  analysis,  and 
concepts  developed  by  the  prototype-penetrator  design  and  development  effort. 

At  the  relatively  high  temperatures,  1600  to  2300  K,  of  rock-melting 
penetrator  system  operation  most  materials  react  with  one  another  to  some 
extent  and  thermodynamic  and  kinetic  lifetime  limitations  are  -therefore 
under  investigation.  Component  and  field  data  have  confirmed  a  service  life 
of  ~  200  h.  Materials  research  in  the  interaction  of  refractory  metals 
with  liquid  rock  melts  thus  far  indicates  that  a  life  goal  of  1000  h  is 
poseible.  Techniques  for  rock-glass  property  evaluation  and  optimization 
Eire  under  development.  The  aim  of  the  work  is  to  perfect  rock-melt  glass 
as  an  In  situ  structural  element  to  serve  as  hole  support  in  the  excava¬ 
tion.  Refractory  materials  fabrication  techniques  necessary  for  develop¬ 
ment  purposes  have  been  established.  Thermal-  and  physical-property  data 
sufficient  for  input  to  analyses  have  been  acquired. 

The  design,  materials  selection,  and  testing  of  a  wide  vjiriety  of 
electrical  heaters  for  small-diameter  penetrators  have  been  accomplished. 
Reeistively  heated,  pyrolytic-graphite  heater  elements,  which  radiate 
energy  to  the  refractory  metal  penetrator  body,  nave  proven  to  be  most 
satisfactory  for  the  development  efforts.  Increased  advance-rate  goals 
(~  0. 5  to  1.0  mm/s)  require  high-hest-flux  heaters.  Investigation  of  new 
designs  and  materials,  heat  pipes,  and  alternative  approaches  to  resis¬ 
tance-heating  have  been  initiated  to  enhance  heater  heat-flux  capabilities. 
Life  teats  of  heater  assemblies  have  been  initiated. 

Field-test  units  for  a  small-diameter  psnetralor  system  were  designed, 
fabricated,  and  operated.  Evaluations  of  consolidating  and  extruding 
penetrator  systems  have  provided  valuable  data  and  experience  on  reli¬ 
ability  and  service  life.  A  practical  application  of  melting  glass-lined 
drainage  holes  in  Indian  ruins  was  demonstrated  to  visitors  of  the 
Bandelier  national  Monument,  NM.  Mobilization  of  field  units  for  a  public 
demonstration  in  Washington,  DC,  or  at  other  locations  has  been  completed. 

The  design,  specifications,  and  purchase  of  a  mobile  rig  for  large- 
diameter  penetrators  with  300 -m  stem-length  capacity  have  been  completed 

Conceptual  designs  of  large-diameter  tunnel-boring  machines  were 
established  for  the  extremee  of  the  difficult  tunneling  conditions  of 
unconsolidated  ground  and  very  hard  abrasive  rocks.  A  benefit-to-cost 


study  was  completed  and  Indicated  that  savings  on  projected  transportation 
demands  through  1990  wore  sufficient  to  give  a  benefit/cost  ratio  of  8.5 
for  a  development  cost  of  $100  x  lc£.  Theoretical  analyses  of  the  heat 
transfer,  of  the  melting  processes,  and  of  the  fluid  mechanics  of  melt- 
flov  are  veil  advanced.  Nisserlcal  solutions  of  the  cospied  melt-flow  and 
energy  relations,  accounting  for  the  strong  temperature  dependence  of 
rock-melt  viscosity,  and  studies  of  a  variety  of  penetrator  geometries 
have  been  accomplished.  These  theoretical  studies  give  direction  toward 
penetrator  designs  which  will  maximize  the  advance  rate  and  minimize 
thrust  requirements.  Optimizations  of  configurations  for  both  consolidat¬ 
ing  and  extruding  penetrator*  have  been  performed.  Significant  operating 
maps  for  past  and  current  penetrator  designs  have  been  developed.  Confir¬ 
mation  by  laboratory  operating  data  for  some  penetratora  have  established 
the  validity  of  those  analyses.  Therefore,  a  detailed  predictive  method 
for  the  melting  concepts  has  been  perfected,  and  design  and  scaling  to 
large-diameter  tunnelers  can  now  be  accomplished  reliably.  Computer 
programs  for  thermal  conduction  and  structural  analyses  have  been  developed. 

The  study  of  applications  of  Subterrene  systems  to  a  vide  variety  of 
excavation  tasks  continued.  Bartlcular  Interest  In  a  email-diameter  system 
for  forming  glass-lined  horizontal  holes  for  utility  emplacement  and  drain¬ 
age  applications  motivated  a  preliminary  design  of  such  a  system.  The 
Geoprospector  concept,  especially  the  self -propulsion  and  remote-guidance 
features,  continues  to  elicit  Interested  responses  from  the  excavation 
Industry.  Pipeline  Installation  end  the  placing  of  transmission  lines 
underground  are  major  application  areas.  The  melting  of  holes  in  perma¬ 
frost  for  support  pilings  of  arctic  oil  and  gas  pipelines  have  been 
discussed  extensively  with  Interested  industrial  firms. 

The  work  conducted  during  this  reporting  period  has  clearly  delineated 
the  design  directions  and  solution  approaches  needed  to  solve  the  major 
outstanding  technical  problems :  increased  penetration  rate  and  extended 
service  life. 
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II.  PROTOTYPE  DESIGH  AMD  TEST 


A,  Preliminary  Design  of  Geoprospector 

1.  Introduction 

A  Subterrene  system  with  Immediate  applications 
would  lje  a  relatively  small-diameter  (300  mm),  elec¬ 
trically  powered  mlnitunneler  that  would  he  remotely 
guided  and  self-propelled  to  form  a  hole  along  a 
proposed  tunnel  route  while  continuously  extracting 
core  samples.  Such  a  system  would  enable  detailed 
analyses  to  be  made  of  the  geology  along  a  proposed 
tunnel  route.  This  system,  termed  a  Geoprospector, 
is  intended  to  perform  this  survey  task  and  addi¬ 
tionally  to  serve  as  a  small-scale  prototype  in  an¬ 
ticipation  of  some  problems  that  will  arise  in  the 
future  development  of  larger-diazaeter  nuclear -powered 
Subterrene  tunnelers. 

2.  Conceptual  Design 

lhe  conceptual  design  of  the  Geoprospector  is 
well  advanced  and  the  general  design  features  of  the 
system  are  illustrated  by  the  isometric  sketch  in 
Fig.  1.  The  device  is  electrically  powered,  requires 
~  100  kW  of  power  to  melt  an  accurate  300-mm  (l-ft)- 
dlam  glass-lined  hole  while  removing  a  200-mm  (8-in. ) 
glass-cased  core  at  a  rate  of  0.4  mm/s  (5  ft/h). 

The  accurate  diameter  and  stable  hole  lining  allow 
the  use  of  a  packer- thruster  unit  located  in  the 
hole-forming  assembly.  Provision  is  made  for  an 
orientation-sensor  package  and  a  guidance  unit,  also 
located  within  the  hole- forming  assembly.  A  hollow, 
flexible  stem  which  trails  behind  the  assembly  con¬ 
tains  the  electric  power,  coolant,  and  instrumenta¬ 
tion  lines;  and  provides  a  debris  passage  for  remov¬ 
al  of  the  chilled  melt.  Core  sections  are  removed 
through  the  flexible  stem  intermittently  with 
conventional  wire-line  core  retrieval  hardware. 

3.  Penetrator  Body,  Glass  Forming,  and  Debris 
Removal 

The  configuration  of  the  penetrator  body  and 
melting  surface  le  shown  in  Fig.  2.  The  melting 
face  is  envisaged  t*  have  12  axial  channels  through 
which  rock  melt  flows  to  the  chill- jet  nozzles.  The 
penetrator  body  is  designed  to  operate  at  a  surface 
temperature  of  1870  K  and  will  be  fabricated  from 
molybdenum-tungsten  alloy  either  forged  in  a  contin¬ 
uous-ring  rolled  shape  or  assembled  from  12  separate 
modular  units.  Aux  Hilary  melt- flow  channels  will 
be  provided  adjacent  to  the  melting  surface  to 
enhance  the  effectiveness  of  the  melt-removal  process 


by  directing  melted  rock  into  the  channels  leading 
to  the  chill- jet  nozzles.  Except  for  the  factors 
governed  by  the  relatively  large  assembled  size  of 
the  penetrator,  the  technology  necessary  to  build 
and  operate  the  penetrator  body  and  melting  surface 
is  being  tested  a a  part  of  the  current  Subterrene 
rock-melting  technical  activities. 

Two  distinct  heater  design  options  are  available 
for  the  Geoproopeetor  concept.  In  the  first,  the 
heaters  would  he  located  in  the  penetrator  body  in  a 
circumferential  pattern,  and  radiation  heat  transfer 
would  he  utilized  to  deposit  the  required  melting 
energy  into  the  refractory  metal  melting  surfaces. 

Tie  second  design  would  locate  the  heater  farther 
away  from  the  melting  surface  and  would  couple  the 
thermal  energy  to  this  surface  through  a  series  of 
high-temperature,  liquid-metal  heat  pipes.  The 
relative  advantages  of  the  two  heater-system  options 
are  being  critically  examined. 

The  major  functions  of  the  rock-glass  forming 
and  debris-removal  system  are  (l)  to  form  a  dense 
structural  glasB  lining  on  the  wall  of  the  hole  and 
(2)  to  duet  the  melted  rock  from  the  annular  melting 
face  through  an  array  of  melt-chilling  jets  where 
the  scoria  will  mix  with  a  coolant  fluid,  be  frozen 
ir.to  particles,  and  then  be  removed  by  fluid  trans¬ 
port  via  the  flex  stem.  These  functions  are 
illustrated  in  Fig.  3. 

B.  Penetrator  Development 

1,  Consolidation  Penetrator  Experiments 

Penetration  by  melting  and  subsequent  density 
consolidation  relies  upon  the  porosity  of  the  parent 
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Fig.  3.  Rock-glacs-forraing  and  debris -removal  system. 
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Schematic  of  density  consolidation  in 
porous  rock. 


rock  or  soil.  This  process  is  illustrated  in  Fig.  h, 
which  shows  how  the  rock  melt  is  formed  into  a  glass 
lining  and  how  the  larger  hole  diameter  is  melted  to 
accommodate  the  lining 

ibis  method  of  penetration  eliminates  the 
dehrls-removal  process,  the  ratio  of  outer  to  inner 
radius  of  the  glass  lining  is  therefore  related  to 
the  properties  of  the  rock  and  lining  hy  the  conser¬ 
vation  of  mass.  The  resulting  radius  ratio  is: 


is  the  radius  of  the  penetrator  or  inner  glass  lin¬ 
ing,  pp  is  the  density  of  unmelted  rock,  and  pL  is 
the  density  of  the  glasB  lining.  Penetrators  utiliz¬ 
ing  density  consolidation  for  melt  disposal  are  re¬ 
ferred  to  as  melting-consolidating  penetrators  (MCEb). 

Significant  technical  achievements  in  this  area 
Include : 

•  Consolidation  penetrator  designs  have  been 
developed  to  the  point  where  compressed-air- 
cooled,  oxidation-resistant,  easily  replaceable 
penetrators  are  in  satisfactory  use  for  both 
laboratory  experiments  and  field  demonstrations. 


•  A  75*™n  (3.0-in.  )-diam  MCP  has  been  designed, 
constructed,  and  laboratory  tested.  At  heat¬ 
er  powers  of  sb  6.1  kW  and  thrust  loads  of 
2.5  to  7.5  kN,  advance  rates  up  to  0.15  nrni/s 
were  obtained.  The  glass  linings  of  the 
holes  were  of  the  predicted  thickness  and 
the  higher  thrust  loads  resulted  in  smooth, 
high-strength  glass  linings  of  lower  porosity. 

•  A  small,  12-mm-diam  desk-top  penetrator  was 
designed  and  tested  successfully.  Several 
units  were  produced  and  used  in  demonstrations 
of  the  melting  process. 

•  The  design  of  a  revised  75-mm-diam  penetrator 
system  has  been  completed  to  initiate  inves¬ 
tigations  of  steering  and  guidance  methods 
by  a  series  of  experiments  in  making 
horizontal  holes. 

•  A  series  of  tests  were  carried  out  with  the 
75-mm-diam  MCP  melting  into  specimens  of 
tuff  and  alluvium  to  obtain  performance  data 
on  the  variation  of . penetration  rate  with 
thrust  load.  These  tests  generated  signif¬ 
icant  data,  indicating  that  higher  thrust 
loads  (in  alluvium  particularly)  are  bene¬ 
ficial  in  obtaining  higher  advance  rates. 

•  A  test  was  performed  in  which  the  tuff 
specimen  was  tilted  deliberately  while  being 
penetrated  by  the  75-mm-c!iam  consolidating 
penetrator  thus  simulating  a  guided  penetra¬ 
tor  in  which  steering  is  accomplished  by 
stem-warping.  The  test  demonstrated  that  a 
path  deviation  of  1. 5  degrees  per  80  mm  of 
advance  is  feasible  (radius  of  curvature, 

»  4-  m). 

•  The  design  of  a  50-mm-diam  penetrator  with 
a  fluted  body  was  completed,  which  should 
have  some  structural  and  melt-flow  advantages 
over  a  conventional  configuration. 

2,  Extrusion  Experiments  in  Hard,  Dense  Rock 

Extrusion  penetrators  are  required  in  dense 
materials  and  are  designed  to  continuously  remove 
the  debris  from  the  bore  hole.  As  indicated  in 
Fig.  5  the  melt  flow,  confined  by  the  unmelted  rock 
and  the  hot  melting  face  of  the  penetrator,  is  con¬ 
tinuously  extruded  through  a  hole  (or  holes)  in  the 
melting  face.  This  material  is  chilled  and  freezes 
shortly  after  the  circulating  cooling  fluid  impinges 
upon  the  extrudate  exiting  from  the  extrusion  region. 
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i— Debris  Removal  Zone 


Fig.  5.  Extruding  penetrator  concept. 


“l  ,  vs"  * Vb.ib  o  h !» 


«  •  •  «  •*#•«»#•• 

Fig.  6.  Debris  from  basalt  hole  made  by  extruding 
penetrator  showing  rock  wool  and  glass- 
pellet  constituents. 


If  freezing  is  accomplished  quickly,  the  material 
will  be  in  the  form  of  frozen  glass  rods,  pellets, 
or  rock  wool,  the  flowing  coolant  can  then  trans¬ 
port  these  small  fragments  up  the  stem  to  the  exhaust 
section.  Typical  pellets  and  rock  wool  that  were 
formed  from  frozen  extrudate  and  removed  by  the  cool¬ 
ing  fluid  during  a  basalt  test  are  shown  in  Fig.  6. 

Significant  technical  achievements  in  this  area 
include : 

•  Extruding  penetrators  have  been  used 

successfully  to  produce  glass-lined  bore® 
in  samples  of  tuff,  alluvium,  basalt,  end 


Fig.  7.  Extended -surface  82- cn-disn  UEP. 


granite.  In  view  of  their  demonstrated 
versatility  in  varying  rock  and  ground  types, 
they  will  be  referred  to  os  "Universal 
Extruding  Penetrators"  (UEPs ). 

•  A  66-osa-dian  UEP  was  assembled  and  tests 
were  initiated.  A  seriea  of  laboratory 
melting  and  endurance  tests  were  conducted 
in  preparation  for  field  tests  In  a  basalt 
ledge. 

a  A  6S-nra-diajs  extrusion  penetrator  melted  a 
hole  in  a  concrete  specimen. 

a  The  design  of  a  UEP  with  a  higher  advance 
rate  was  cocpleted  and  fabrication  has  com¬ 
menced.  The  design  required  a  diameter  of 
82  am  to  accomodate  the  requisite  melt-flow 
channels  end  three  sets  of  pyrolytic-graphite 
heater  stacks.  This  design  introduces  the 
concepts  of  extended  melting  surfaces  and 
multiple  melt-removal  or  -transfer  channels 
to  promote  thinner  melt  layers.  A  sketch 
of  thin  penetrator  is  shown  in  Fig.  7,  and 
the  predicted  performance  map  for  this  pene¬ 
trator  melting  in  basalt  is  included  as 
Fig.  8. 

3.  Experiments  in  Diversified  Hock  types 

Die  ability  of  MCPe  to  produce  smooth,  strong, 
firmly  attached  glass  linings  in  a  variety  of  con¬ 
solidated  or  unconsolidated  low-density  rocks  and 
soils  has  been  continually  demonstrated  since  the 
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Fla,  8.  Projected  lithotfceraodyr.aalc  performance 
tor  82-aB-dia*  hi^h-advance-rote  UEP  in 
basalt.  Penetration  rate,  Vx,  v« 
penetrator  surface  temperature,  T(,  ihcving 
curve*  of  constant  pouer  and  thrust. 


FI45.  9.  Cross  section  of  hole  melted  In  tuff. 
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10.  interior  vier.-  of  self-supporting  cla 
lined  hole  melted  in  unconsolidated 
elluviisx. 


11.  Sample  of  cl»s=-lined  tore  melted  In 
simulated  ortic  permafrost. 


Fig.  IS.  fiolc  in  granite  sample  reived  by  UEP.  Kote  extruded  debris  eiid  thin  glace  lining. 


inception  of  the  program,  Typical  example*  arc  the 
thick  gloss  lining  associated  with  a  hole  melted  in 
tuff  illustrated  in  Fig,  9  and  a  self-supporting 
glass-lined  hole  neltcd  in  unconsolidated  alluvium, 
illustrated  in  Fig.  10.  *  no re  novel  application 

involves  a  scries  of  tests  using  50-  and  75.jao-dl.en 
MCPs  melting  into  frozen  (£00  K)  alluvial  specimens 
containing  ~  Xu-£05>  water  by  weight  (simulated  arctic 
permafrost).  The  penetrators  readily  produced  glass- 
lined  holes  in  the  frozen  specimens  ss  depicted  in 
Fig.  11. 

In  hard,  dense  rock,  UEPs  incorporating  coaxial- 
jet  debris-reooval  systems  have  successfully  pene¬ 
trated  end  glass-lined  hires  in  basalt  and  granite, 
with  the  granite  hole  end  debris  illustrated  in 
Fig.  12  representing  a  typical  sample.  Experiments 
have  also  been  carried  out  with  the  UEPe  melting  in 


porous  materials  such  00  tuff.  The  tuff  extrudate 
consisted  of  glass  rods  that  broke  off  only  when 
the  rod  extended  the  length  of  the  experimental 
stem.  The  differences  between  the  basalt  and  tuff 
extrudate  are  escribed  to  the  large  difference  in 
viscosity  between  the  two  glass  melts  and  to  the 
significant  volisne  fraction  of  unmelted  quartz  crys¬ 
tals  in  the  tuff  melt.  The  UEP  produced  a  thin 
glass  lining  on  the  hole,  in  contrast  to  the  thicker 
linings  forced  in  tuff  by  MCPe.  Tne  thin  glass 
lining  and  extruded  glass  rods  are  illustrated  in 
Fig.  *13- 

To  provide  further  standardization  In  rock- 
melting  penetration  tests,  a  set  of  eight  standard  rock 
types  commonly  used  in  rock  mechanics  research  has 
been  ordered.  This  set  includes  basalt,  granite  (3 
types),  limestone  (2  types),  quartzite,  and  sandstone. 


Fig.  13.  Hole  In  tuff  melted  by  UEP.  Bote  rods  of 
extrudate  and  thin  glass  hole  lining. 
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h.  High  Advance  Bate  Experiments 
Ae  Indicated  In  Section  II-B,  design  has  been 
completed  and  fabrication  started  of  an  fcj'-m-dlam 
extrusion  penetrator  having  a  large  surface  heat- 
transfer  area,  multiple  melt-flou  passages,  and  mul¬ 
tiple  heater  stacks.  Based  on  the  enhanced  surface 
area,  reduced  operating  melt  layer  thickness,  and 
high  thruet  capability,  analyses  predict  that  this 
unit  will  melt  rock  at  a  significantly  faster  (~>3x) 
rate  than  previous  UEP  designs.  A  design  study  hoc 
also  been  Initiated  on  a  hlgh-advance-rate  consoli¬ 
dating  penetrator  that  will  incorporate  the  favorable 
aspects  of  the  melt-transfer  consolidation  (MIC)  con¬ 
cept  detected  by  analytical  studies.  Ifcc  thcoreticel 
analysis  of  this  concept  1e  covered  in  detail  in 
Section  VI-B.  Advance-rate  goals  of  from  O.b  to 
0.8  nm/6  (*v  5  to  10  ft/h)  have  been  chosen. 

C.  Alluvium  Coring  Penetrator  Development 

Bie  Subterrene  concept  of  rock  penetration  by 
progressive  melting  has  been  expanded  to  include  a 
technique  for  obtaining  continuously  retrievable 
geologically  interesting  core  samples  from  the  mate¬ 
rial  being  penetrated.  Ibe  coring  concept  utilizes 
an  annular  melting  penetrator  which  leaves  on  unbelt¬ 
ed  core  In  the  interior  that  can  be  removed  by  con¬ 
ventional  core-retr level  techniques.  Although  the 
concept  is  applicable  to  either  the  extrusion  or 
consolidation  mode  of  melt-handling,  initial  emphasis 
has  been  pieced  on  a  consol  ids  ting -coring  penetrator 
as  Illustrated  schematically  in  Fig.  lh. 


A  llh-cn-dian  consolidating  corer  intended  Tor 
use  in  porous  alluvial  colls  hoc  been  designed,  con¬ 
structed,  and  calibration-tested  in  the  1st or story. 
Hie  core  diameter  is  -jU  mm  ond  the  melting  tody, 
which  is  vacuum-arc -cost  molybdenum,  is  fabricated 
as  a  single- structural  component  «•  illustrated  in 
Fig.  15.  The  water  cooling  system  Incorporated 
represents  a  departure  from  the  conventional  gas 
systems  and  has'  keen  successfully  checked  in  the 
laboratory.  Minor  adaptations  of  commercially  avail¬ 
able  core  extraction  tools  are  in  progress  for  use 
with  the  alluvium  corer.  Design  poser  level  is  13  kW, 
and  initial  testing  was  accomplished  at  9  fcW  in  allu¬ 
vium  with  low  thrust  loads  and  penetration  rates  in 


Fig.  15.  Piotograph  of  llh -mm- diameter 

consolidstlng- coring  penetrator. 
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the  rstgt  Cron  0.0$  to  0.15  ml*.  Initial  tatting 
aupported  by  tvo-dlaenaional  beet-cooducticn  calcu¬ 
lation*  verified  that  rock-aelt  vtrtr 

undesirably  high  behind  the  insulating  pyrolytic* 
graphite  v»*he.-,  resulting  in  high  at**  temperature*. 
ThU  portion  of  the  coring  penetrator  la  being  re¬ 
designed  to  altar  the  tbaraal  fluxt*,  and  further 
testing  *131  coamenc*  altar  that*  design  change • 
art  Uaplaaantad.  A  da  tailed  ntbo-tberaodynaaic 
analysis  of  the  parforaar.ee  of  this  design  ha*  been 
developed  and  direction*  for  significant  laproveaent* 
In  advance  rate  have  been  indicated. 

0.  Glass  ftaralne  teal  Devwloptnt 

Consolidation  penetrator*  have  been  tceted  with 
high  thruat  load*  into  tuff  specimens,  and  the  {Un 
valla  of  the  resulting  hole*  have  been  of  much  batter 
vliual  quality  than  noted  previoualy.  It  la  poatulatad 


that  the  higher  thruat  load*  and  aaeoclated  hlghar 
preaaurea  In  the  rock  Belt  oL-.lalte  gai-fcubbl*  evo¬ 
lution  which  can  cauae  void*  in  the  glaae  valla. 
Theoretical  calculation*  of  thermal  hictorlea  for 
gla*a  lining*  have  been  initiated.  These  t hemal 
hi* tor lea  follow  the  radial  temperature  profile* 
through  the  gleet  thickness  and  Indicate  the  tlae 
spent  by  the  free  ting  Belt  In  the  aoftenlng  raglM, 
working  range,  and  annealing  range  of  teeperatuwa. 
Studlea  of  the  relative  influence  of  cooling  by  the 
* unrounding  rock  and  the  cooled  (tea  will  be  uaed  to 
itieii  the  hlatory  of  radial  gradient*  In  the  glass 
veil  and  will  therefore  Indicate  reddual  streac/ 
(train  state*.  The**  time-history  atudlea  have 
yielded  result*  which  indicate  the  design  directions 
for  optimisation  of  the  thermal  design  of  the  glass- 
forming  afterbodies  of  penetrator  systems. 


III.  DIRECTED  RESEARCH  AND  DEVELOPMENT 


A.  Hrterjsj*  Science  and  Technology 

1.  Introduction 

The  hi-'h  temperatures  reached  in  Subterrene 
penetrator  systems  require  a  set  of  moterial*  b* lu¬ 
tein  lag  not  only  structural  and  physical  Integrity, 
but  alto  e  high  degree  of  chemical  Inertnen  over 
extended  periods  of  tlaa.  Realisation  of  thla  Ideal 
situation  beconea  difficult  at  the  auggeated  operating 
temperature*  of  the  system,  1/500  to  2300  K,  and  pos- 
albly  higher  in  the  cane  of  certain  radiant  heater 
dealgna.  The  material  temperature  range  la  vide  be¬ 
cause  a  high  power  density  must  be  transBitted  from 
e  central  core  of  the  heater  so  thnt  enple  heat  flux 
can  be  conducted  to  the  aurlbce  in  contact  with  the 
rock.  Because  most  materials  will  react  vlth  one 
another  to  some  degree  In  thla  temperature  range, 
intrinsic  thermodynamic  and  kinetic  lifetime 
limitations  must  be  Investigated. 

2.  Refractory  Alloy-Rock  Holt  Interactions 

A  literature  survey  vaa  conducted  on  the  types 
of  apparatus  suitable  for  determining  Interaction 
rutes  between  penetrator  refractory  alloys  and  rock 
melts.  Although  dynamic  testing  systems  will  even¬ 
tually  prove  desirable,  intentions  are  to  initially 
use  static  ccmp&tablllty  tests  between  molybdenum 
and  tungsten  and  various  rock  melts.  Static  compat¬ 
ibility  testing  has  been  initiated  with  studies  of 
the  corrosion  or  dissolution  reactions  of  molybdenum 
vlth  standardized  basalt  rock.  Figure  16  shove 
a  typical  penetrator  coated  vlth  basalt  glass  after 
completion  of  a  laboratory  test.  In  these  experi¬ 
ments  the  rock  "standard"  la  melted  In  a  molybdenum 
crucible  and  held  at  temperature  for  known  periods 
of  time.  After  cooling,  the  amount  of  metal  dis¬ 
solved  in  the  rock  glass  la  measured  and  the  sec¬ 
tioned  crucible  Is  examined  raetallurgically  for  evi¬ 
dences  of  corrosion  and  chemical  reactions,  ftrlor 
to  the  actual  test,  the  standardize!  rock  la  powered 
and  a  sample  submitted  for  chemical  analyses.  The 
crucibles  are  likewise  characterized  vlth  regard  to 
chemical  purity  and  pretest  microstructure. 

The  first  experiments,  run  at  temperatures  of 
1328,  1913,  and  1898  K  are  being  analyzed.  These 
experiments  will  Investigate  quantitatively  the 
effecte  of  time  and  temperature  on  the  reactions 
between  molybdenum  and  rock  glass  melts.  Information 


on  reaction  rates  will  be  obtained,  os  well  as  on 
activation  energies,  equilibrium  solubilities,  and 
reaction  mechanisms. 

Compatibility  experiments  have  been  run  between 
titanium  and  vanadium  on  the  one  hand,  and  basalt 
and  tuff  on  the  other.  The  objective  was  to  deter¬ 
mine  a  suitable  brazing  material  for  use  at  the  aft 
end  of  penetrator  bodies.  At  1673  K  the  titanium 
mi  severely  attacked,  whereas  reactions  with  the 
vanadium  were  such  less  severe  suggesting  its  use 
as  a  brazing  material. 

Postmortem  metallurgical  examinations  of  several 
molybdenum  penetratore  (including  o  unit  field-tested 
under  especially  harsh  conditions  for  293  ks  =  82  h) 
are  In  progress.  Both  a  pretest  and  a  post- test 
molybdenum  penetrator  have  been  examined  by  x-ray 
radiography.  The  pretest  "shadowgraph"  will  be  used 
as  a  basis  for  nondestructive  examination  after  long¬ 
term  operations.  Radiographs  of  the  used  unit  shoved 
that  corrosion  can  be  observed  by  this  technique  and 


Fig.  16.  Penetrator  coated  with  basalt  glass  after 
withdrawal  from  hole. 
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Fig.  17.  Comparison  of  calculated  aod  experimentally 
Indicated  penctrator  teaperaturae  at  the 
graphite  receptor  -  molyfedcmss  tody 
Interface. 

that  the  state  of  the  graphite  heater  pills  inside 
nay  also  he  seen. 

3.  Power  Source  Materials 

The  basic  chemical  reactions  Involved  in 
Subterrene  power-source  materials  are  those  of  the 
refractory  raetal-carbon  system,  with  some  possible 
contributions  from  Impurities  within  the  metal, 
carbon,  and  helium  gas  that  surrounds  the  heater. 

The  motivating  reason  for  studying  these  chemical 
reactions  Is  the  possibility  of  predicting  and  en¬ 
hancing  penetrator  lifetime,  a  most  important  eco¬ 
nomic  fsetor.  The  lifetime  of  a  penetrator  unit 
must  be  ultimately  dependent  upon  the  internal  re¬ 
fractory  metal-graphite  Interactions  for  the 
prototype  radiant-heater  penetrators  currently 
being  used. 

Significant  technical  achievements  in  this 
area  Include: 

•  Internal  chemical  reactivity  in  prototype 
Subterrene  radiant-heater  penetrators  has 
been  investigated  by  means  of  sectioning 
and  examining  metallurgical  samples.  Dimo¬ 
lybdenum  carbide,  Mo,,C,  is  the  major  reaction 
product  formed  between  the  base  metal  and  the 
Graphite  receptor  interface.  Ir.  those  re¬ 
gions  where  corbiding  has  occurred,  teiaper- 
atures  have  been  computed  by  means  of  mea¬ 
surement  of  the  carbide  layer  thickness  and 
the  use  of  reaction-rate  data  for  the  Mo-C 


system.  These  temperatures  have  been  ccuparm 
to  those  calculated  from  thermal- analysis 
considerations.  As  illustrated  In  Fig.  17, 
agreement  Is  very  gcod,  with  the  calculated 
values  being  ~  50  K  higher.  The  comparison 
Is  limited  to  those  regions  where  the  carbide 
layer  has  not  delaminated  Internally. 

a  The  present  radiant-heater  design  Is 

considered  superior  to  that  using  the  molyb- 
denum/toron-nitride/carbon  set  of  materials 
in  view  of  a  marked  reduction  In  complexity 
and  number  of  potential  chemical  reactions. 
Higher  operating  temperatures  are  also 
possible, 

»  Similar  experimental  techniques  should  be 
applicable  to  penetrators  fabricated  from 
other  refractory  metal-carbon  systems  for 
which  appropriate  reaction-rate  data  are 
available. 

•  Using  available  molybdenum-graphite  reaction- 
rate  dots,  the  graphite  receptor  thickness 
required  for  s  1000-h  lifetime  at  a  given 
temperature  has  beer  calculated.  The  results 
for  a  thin-walled  cylindrical  receptor  and  a 
plane  receptor  ere  shown  In  Fig.  lfl.  Note 
that  these  data  are  strongly  temperature- 
da  pen  dent.  By  using  the  activitatlon  energ¬ 
ies  it  can  be  shown  that  a  temperature  In¬ 
crease  In  the  receptor  of  200-300  K  will 
Increase  the  carbiding  rate  constant  by  a 
factor  of  tan  and  hence  reduce  the  life  by  a 
corresponding  factor.  These  calculations 
are  being  extended  to  the  case  of  tungsten 
penetrator  bodies  and  TlaC-coated  receptors. 

s  Preliminary  experiments  have  been  Initiated 
to  evaluate  thin  vapor-deposited  TaC  coatings 
on  graphite  receptors  to  serve  as  a  barrier 
in  preventing  excessive  internal  carbiding 
within  the  molybdenum  penetrator  body. 

Graphite  receptors  and  electrical  contact 
rods  have  been  coated  with  a  layer  of  TJaC 
having  an  average  thickness  of  0.33  mm.  Ini¬ 
tial  results  indicate  that  the  diffusion 
barrier  will  be  useful  in  extending  receptor 
life,  particularly  for  molybdenum  penetrators. 

•  Additional  internal  oxidation  protection  for 
molybdenum  extraction  portions  of  penetrators 
has  been  provided  through  the  use  of  either 
platinum  or  MoSi,,  coatings. 
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Fig.  18.  Calculated  graphite  receptor  thickness 
required  for  1000  h  life  vs  temperature 
for  thin-walled  cylinder  and  plane 
geometries. 

•  Penetrator  service  life  goals  of  1000  h  have 
been  established,  and  efforts  are  in  progres 
to  define  life-limiting  mechanisms  and  to 
indicate  directions  for  solutions. 

4.  Bock  Glass  Technology 
The  Corning  Class  Works,  Coming,  Sew  York, 
were  visited  to  acquire  technical  information  about 
glaea  technology  that  can  he  applied  to  rock  glasses 
and  thereby  form  the  basis  for  a  rock-glass 
optimization  development  program.  In  addition,  the 
groundwork  waa  established  for  technical  collabora¬ 
tion  with  Coming  in  the  Subterrene  program  relative 
to  such  tasks  as  rock-melt  viscosity  determinations. 
As  a  result  of  this  visit,  a  rock-glass  development 
and  strength-optimization  program  has  been  outlined 
and  initiated. 

B.  Refractory  Alloy  Fabrication 

Ihe  majority  of  penetrators  thus  far  have  been 
fabricated  from  molybdenum.  The  several  tungsten 
penetrators  that  have  been  fabricated  and  tested 
have  clearly  demonstrated  that  tungsten  has  the 
capability  of  operating  at  higher  temperatures  and 


hence  yielding  greater  penetration  rates.  An  extensive 
effort  has  been  initiated  to  ensure  acquisition  of 
tungsten  stock  in  the  proper  sizes  and  shapes  for 
forthcoming  Suhterrene  penetrator  fabrication. 

General  Electric  Co.,  Cleveland,  OB,  can  produce 
tungsten  blanks  as  large  as  200  run  in  diameter, and 
Wah  Chang  Corp.,  Albany,  OR,  is  optimistic  about 
working  in  large  forged  and  ring-roiled  shapes  of 
tungsten  and  moly-tungaten  alloys.  The  fabrication 
technology  required  to  pierce  and  ring-roll  large 
tungsten  shapes  io  not  expected  to  introduce  any 
particularly  new  problems. 

A  new  alloy,  Mo-30  vt$  W,  has  been  obtained 
and  is  undergoing  metallurgical  examination.  Consol¬ 
dating  50-nm-diam  penetrators  have  been  fabricated 
from  this  alloy,  and  manufacturing  ease  was  found  to 
he  equivalent  to  that  of  molybdenum  even  though  the 
alloy  has  a  melting  temperature  100  K  higher. 

Refractory-metal  machining  techniques  have  ad¬ 
vanced  to  the  stage  where  large,  fluted,  profiled, 
bodies  are  being  fabricated  and  deep  holes  are  being 
drilled  in  molybdenum  parts.  In  addition,  techniques 
have  been  developed  for  high-temperature  (2000-2300K) 
vacuum  furnace-brazii g  of  penetrator  components. 

C.  Geosciences 

Significant  technical  achievement;  in  this 
area  include: 

•  A  literature  search  was  conducted  to  locate 
the  general  rheological  and  thermal  proper¬ 
ties  of  basalt  melts.  A  report  compiling 
these  properties  for  basalt  has  been  prepared. 

•  Preliminary  planning  for  petrological  exam¬ 
ination  of  parent  rock  and  derived  rock-glass 
samples  is  in  progress.  The  potential  cor¬ 
relation  of  petrographic  information  with 
physical  properties  and  ultimately  its  exten¬ 
sion  to  Subterrene  design  and  performance 
are  the  desired  goals. 

•  Melting  tests  have  been  conducted  on  several 
samples  of  concrete,  in  particular  those  used 
in  the  6o-mm-diam  UEP  test.  Results  indicate 
that  this  grade  of  concrete  melts  in  the  vi¬ 
cinity  oi  1525-1575  K  and  should  be  capable 
of  extrusion.  Not  all  components  melt,  how¬ 
ever,  but  this  problem  also  exists  in  tuff 
which  has  been  extruded  successfully. 

•  Ihe  melting  behavior  of  granitic  gneiss  sam¬ 
ples  has  been  determined.  These  samples 


were  obtained  from  a  quarry  on  the  grounds 
of  It.  Belvoir,  VA,  the  site  chosen  for  the 
Washington,  DC,  display  and  demonstration. 

•  Compatibility  experiments  between  molybdenum 
tungsten,  and  basement  granites  obtained 
from  a  borehole  made  in  conjunction  with  the 
Geothermal  Energy  program  have  been  completed. 

•  A  diamond  coring  setup  to  obtain  small  sam¬ 
ples  of  rocks  and  glasses  has  been  completed. 
Cores  may  range  up  to  25  ma  In  length  and 
from  ~  3  to  25  am  In  diameter.  Ibis  3etup 
coupled  with  the  Isomet  saw  and  a  diamond 
wire  cutter  will  provide  precision-sampling 
capability. 

•  Melting-range  experiments  have  been  conplet- 
ed  on  Nevada  Best  Site  alluvial  soil,  NVj 
Tuzigoot  National  Monument,  AZ;  and  Pecos 
National  Monument,  NM,  rock  e ample s. 


•  A  precision  air  pycnometer  has  been  added 
to  the  laboratory  rock-diegnoetic  equipment. 
Coupled  with  adequate  sample  preparation  end 
weight  measurement,  it. will  be  possible  to 
accurately  determine  the  density,  bulk  den¬ 
sity,  and  degree  of  porosity  of  the  various 
rocks  and  miner ale. 

•  Analysis  of  the  total  free  silica  In  Bandeller 
tuff  to  a  depth  of  38  m  has  been  completed. 

Die  average  free  SiOg  content  Is  30.8  *  1.8$, 
Including  crietobalite,  with  a  gradual  but 
distinct  trend  towards  higher  SiO^  content 
with  Increasing  depth.  Ihese  data  supple¬ 
ment  the  chemical,  mineralogicnl,  and  water- 
content  Information  already  obtained. 


/ 
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17.  KVKB  60  URGE  TKBTBH  AHD  DEVELOEMEBT 


A.  Electric  Etover  Sources 

1.  Introduction 

A  wide  variety  of  electrical  heaters  for  small- 
diameter  Sbb terrene  penetratora  have  been  designed, 
constructed,  and  tested.  The  basic  materials  prob¬ 
lem  is  the  incoajiatibility  of  refractory  materials 
at  the  required  operating  temperatures  of  ~  2000  to 
2400  K,  while  the  basic  design  problem  stems  from 
the  requirement  for  large  heat  fluces  from  the  heat¬ 
er  surfaces.  These  high  fluxes  are  necessary  to 
maintain  the  cuter  surfaces  of  the  penetrators  at 
operating  temperatures  high  enough  to  melt  rock  at 
useful  rat-js.  Thermal  resistances  of  materials  re¬ 
quired  for  electrical  insulation  must  be  kept  low 
to  reduce  internal  temperature  gradients,  because 
large  gradients  would  require  Increased  heater  tem¬ 
peratures  which,  in  turn,  would  accelerate  the  chemi¬ 
cal  reaction  rates  between  the  heater  surfaces  and 
adjacent  materials. 

The  successful  use  of  pyrolytic  graphite  as  a 
radiant  heating  element  end  the  low  thermal  resis¬ 
tance  of  a  polycrystalline  (F0C0)  graphite  radiation 
receptor  were  combined  to  produce  a  very  stable 
beater  assembly.  The  heater  consists  of  a  stack  of 
oriented  pyrolytic-graphite  disks  held  in  a  graphite- 
lined  cavity  by  a  spring-loaded  graphite  electrode. 

A  cross-sectional  view  of  a  typical  assembly  is 
shown  in  Fig.  19. 

The  direct-current  path  is  down  the  center  stem 
conductor,  through  the  spring-loaded  electrode  con¬ 
nector  to  the  graphite  electrode,  down  the  electrode 
to  the  pyrolytic-graphite  heater  stack,  through  this 
stack  to  the  molybdenum  penetrator  body,  back  up  the 
body  to  the  withdrawal  structure,  and  through  this 
structure  to  the  afterbody  and  outer  stem.  The  cen¬ 
ter  conductor  i6  made  positive  with  respect  to  the 
outer  stem  to  suppress  thermal  electron  emission 
from  the  stack,  thereby  reducing  the  tendency  for 
arcing  between  the  heater  stack  and  the  receptor. 

The  heater  cavity  is  filled  with  helium  to  enhance 
the  radial  heat  transfer.  Heat  fluxes  of  up  to 
2  Mf/ai  have  been  obtained  from  pyrolytic-graphite 
radiant-heater  elements.  The  features  of  this  de¬ 
sign  which  contribute  to  efficiency  and  durability 
can  be  suazm&riced  as  follows: 


Fig.  19.  Cross  section  of  a  consolidating  penetrator 
with  stacked  pyrographite  radiant  heater 
and  a  FOCO  graphite  radiation  receptor. 


•  A  heater  cavity  containing  only  graphite  in 
the  high-temperature  region. 

•  The  use  of  a  specialty  graphite  (FOCO)  for 
the  receptor  whose  thermal  expansion  charac¬ 
teristics  match  those  of  molybdenum  and  whose 
absorbtivity  for  radiation  energy  is  near 
unity. 

•  A  nonisotropic  pyrolytic-graphite  heater 
stack  oriented  so  that  the  high  electrical 
resistivity  ("c”  direction)  is  parallel  to 
the  penetrator  axis,  and  the  high  thermal 
conductivity  ("a-b"  direction)  is  normal 

to  the  penetrator  axis  and  in  the  direction 
of  principal  heat  transfer. 

•  A  hollow  heater  cavity  to  allow  control  of 
the  relative  heat  generation  along  the  pene¬ 
trator  length. 

•  Utilization  of  the  exceptional  combination 
of  high  compressive  strength  and  low  thermal 
conductivity  of  pyrolytic  graphite  ("c"  di¬ 
rection)  for  the  insulator  between  the  heated 
penetrator  body  and  the  cooled  afterbody. 


Fig.  20.  Photograph  oi'  heater  characterization  apparatus. 


2.  Heater  Development  and  Characteristics  for 
Penetrator  Research 

Significant  technical  achievements  in  this 
area  include: 

•  The  design,  fabrication,  and  field-testing 
of  an  improved  electric  heater  for  consoli¬ 
dation-mode  penetrators  (in  which  the  pene- 
trator  body, .withdrawal  structure,  heater 
elements,  and  graphite  electrode  are  a  her¬ 
metically  sealed  unit)  was  completed.  In¬ 
cluded  in  this  development  program  was  the 
fabrication  of  a  special  heater-processing 
apparatus  for  filling  the  penetrator  with 
helium  and  testing  the  hermetic  seal  at 
operating  temperatures.  This  apparatus  is 
installed  in  the  heater-development  labora¬ 
tory  and  is  also  used  for  temperature¬ 
cycling  the  completed  penetrator  system  by 
using  the  internal  heater. 

•  The  design,  fabrication,  and  utilization  of 
a  heater-characterization  apparatus  has  been 
completed.  Characterizations  of  pryolytic- 
graphite  heater  assemblies  to  be  used  in 
50-mm  MCFs,  66-mm  UEPs,  and  llk-mm  ACFs  with 
respect  to  overall  electrical  resistance, 
specific  resistivity,  and  heating  uniformity 
at  temperatures  up  to  2600  K  were  accom¬ 
plished.  A  photograph  of  the  heater- 
characterization  apparatus  is  shown  in 


Fig.  20,  and  typical  resistance-vs-temperature 
plots  for  stacked  pryolytic-graphite  heaters 
obtained  from  this  apparatus  are  shown  in 
Fig.  21,  Each  heater  element  that  will  be 
used  in  a  field  or  laboratory  test  penetra¬ 
tor  is  routinely  characterized  in  this  appa- 
tus  to  verify  heater  uniformity  and  quality 
control, 

•  The  design,  fabrication,  and  utilization  of 
the  first  heater  test  apparatus  has  been 
completed.  The  heater  test  apparatus  eval¬ 
uates  heater  performance  under  realistic 
conditions,  but  in  a  carefully  instrumented 
situation  and  without  the  presence  of  molten 
rock.  Various  heater  designs  can  be  tested 
for  performance  in  terms  of  operating  tem¬ 
perature,  input  power,  and  heat-flux  distri¬ 
butions  as  well  as  for  electrical  and  chem¬ 
ical  stability.  A  photograph  of  the  appara¬ 
tus  taken  during  the  initial  assembly  is 
shown  in  Fig.  22.  The  apparatus  basically 
consists  of:  (l)  a  50-mm-diam  molybdenum 
cylinder  which  is  analagous  to  a  penetrator 
body,  (2)  a  heater  element  identical  to  that 
used  in  the  50-mm  MCP;  (3)  a  closely  fitted 
water-cooled  copper  jacket  that  acts  as  a 
heat  sink  for  the  energy  rejected  by  the 
molybdenum  cylinder,  and  (b)  the  associated 
instrumentation  for  monitoring  the  test. 
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Resistance  (SI) 


Temperature  OO 

Fig.  21.  typical  res istance-vE- temperature  plots 
for  pyrolytic-graphite  heaters. 


Fig.  22.  Initial  assembly  of  heater  test  apparatus. 


Hie  heater  cavity  and  the  gap  between  the 
cylinder  and  the  cooling  jacket  are  filled 
with  a  helium-argon  gas  mixture,  the  exact 
composition  of  which  is  adjusted  to  produce 
a  wide  range  of  power  demands  for  a  given 
cylinder  surface  temperature.  A  cross- 
section  of  the  heatef  test  apparatus  is  il¬ 
lustrated  in  Fig.  23.  lypical  test  data 
relate  heater  temperature  to  input  power  and 
molybdenum- cylinder  surface  temperature. 

•  Hie  first  heater-lifetime  test  stand  to  per¬ 
form  extended  laboratory  beater  lifetime  tests 
has  been  built.  One  unit  has  been  completed 
and  five  more  stations  are  being  constructed. 
Hie  heater  lifetime  test  stands  are  similar 
in  design  and  operation  to  the  heater  test 
apparatus.  Hie  first  lifetime  test  was  ter¬ 
minated  after  720  ks  (200  h)  although  the 
heater  was  still  performing  satisfactorily. 
Data  from  these  tests  will  be  used  for  reli¬ 
able  estimates  of  prototype  heater  lifetimes. 

•  Design  concepts  have  been  formulated  for 
high-advance-rate  penetrator  heaters  aimed 
toward  supplying  more  thermal  energy  directly 
tc  the  leading  edge  of  the  penetrator. 
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•  Hie  low-temperature  reelstivlty  of  a  supply 
of  pyrolytic  graphite  was  measured  eo  that 
future  heater  fabrication  can  utilize  these 
resistivity  differences  to  meet  design  needs. 

•  tee  use  of  a  teC-eoated  receptor  to  reduce 
the  carburization  of  the  molybdenum  penetra- 
tor  body  has  been  verified  in  the  laboratory, 
test  operating  conditions  were:  body  surface 
temperature,  iBOO  K;  heater  tenperature 
2h50  K;  power  Input,  h.6  kW;  and  a  heater 
surface  heat  flux  of  ~  l.U  Mf/m2. 

•  Annular  or  ring-shaped  pyrolytic-graphite 
heaters  have  been  designed  and  characterized 
for  use  In  UEP  and  ACP  designs.  Beaters  of 
this  design  have  been  operated  in  laboratory 
teste  of  the  ACP  and  performance  was  essen¬ 
tially  as  predicted. 

3.  Alternatives  to  Direct  Keslstance  Heating 

One  possible  approach  to  increasing  the  heat 
flux  at  the  leading  edge  of  penetrators  and  also 
alleviating  the  need  for  very  high  currents  in 
higher-paver-demand  systems  is  to  employ  electron- 
beam  heating  of  the  penetrator  body,  tee  energy  in 
the  beam  can  be  controlled  over  a  vide  range  of  volt¬ 
ages  end  currents,  and  stem  design  can  be  focused  on 
Insulating  for  the  higher  voltages  with  conductors  of 
relatively  snail  cross  sectional  area.  One  design  em¬ 
ploys  a  diode  gun  structure  vith  the  cathode  in  the 
form  of  a  concentric  double  tube.  Initially,  heat 
la  supplied  to  raise  the  cathode  to  its  operating 
temperature  of  ~  2500  K  by  direct  resistance-heating. 


As  the  penetrator  body  reaches  its  operating  temper¬ 
ature  of  ~  l800  K,  only  a  small  amount  of  power  would 
be  required  to  maintain  cathode  temperature.  Elec¬ 
tron  emission  from  the  cathode  Is  a  strong  function 
of  temperature,  end  the  desired  voltage-current 
relationship  la  therefore  maintained  by  controlling 
the  heating  current  applied  to  the  cathode. 

tee  second  design  uses  an  electron  gun  with  a 
suitable  beam-shaping  anode  plate,  tee  relatively 
rnoll  cathode  area  can  be  heated  initially  by  a  lower 
current  than  the  diode  design,  and  this  current  would 
be  reduced  further  ss  the  penetrator  body  approaches 
its  operating  temperature. 

In  addition,  the  use  of  high-temperature  liquid- 
metal  heat  pipes  for  enhancing  the  energy  flow  to 
critical  penetrator  areas  is  being  studied.  High 
thermal  heat  fluxes,  low  operating  temperature  gra¬ 
dients,  and  the  ability  to  locate  the  heat  source 
remotely  are  a  few  of  the  potential  advantages  of 
heat-pipe  systems. 

B.  Power  Source  Controls 

tee  design,  construction,  and  calibration  of  a 
digital  readout  system  for  monitoring  penetrator 
power,  voltage,  current,  and  heater  resistance  for 
both  laboratory  and  field-test  operation  has  been 
completed,  tee  design  and  fabrication  of  an  auto- 
metic  power- system  control  unit  to  be  used  Initially 
as  a  part  of  the  lifetime  test  stands  has  commenced, 
teis  unit  will  be  Incorporated  into  a  more  sophis¬ 
ticated  advance  rate-power  control  system  including 
feedback  control  loops. 
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V.  FIELD  TEST  AKD  DBMDHSTRATIOHS 


A.  Field  Demonstration  Unite 

1.  Introduction 

The  principal  objectives  of  field-testing  com¬ 
plete  penetrntor  systems  are  the  performance  evalua¬ 
tion  of  the  ayatem  under  actual  field  conditions  and 
the  acquisition  of  realistic  data  on  system  reli¬ 
ability  and  expected  service  life.  Data  and  experi¬ 
ence  from  field  teats  form  an  important  Input  in  the 
penetrator -system  design -optimization  process.  Field 
tests  also  demonstrate  prototype  system  performance 
at  a  level  of  development  approaching  that  required 
for  commercial  applications. 

The  field-test  program  vaa  established  vith  the 
design,  construction,  and  utilization  of  the  first 
portable,  modularized  field-demonstration  unit  (FIXJ). 
This  Initial  FDU  provided  a  self-contained  unit  for 
demonstrating  small-diameter  rock-melting  penetra¬ 
tion  eyBtem  capabilities  et  locations  away  from  the 
Immediate  Lob  Alamos  area.  The  unit  vas  designed 
to  produce  glass-lined  bores  in  lov-denslty  rocks 
or  soils  and  to  achieve  the  following  specific 
objectives : 

a  Provide  field  demonstrations  of  basic  rock¬ 
melting  principles  and  capabilities. 

a  Produce  glass-lined  drainage  holes  in  ar¬ 
chaeological  ruins. 

a  Melt  prototype  utility  holes  under  roadways. 

a  Test  improved  glass-forming  designs. 

•  Provide  extended-lifetime  test  data  for  the 
refractory  metal  penetrators. 

•  Serve  as  a  prototype  and  yield  data  and 
experience  for  the  design  of  larger  unit6 
for  future  field  tests  of  Subterrene  6 y stem. 

The  FDU  is  easily  transportable  and  capable  of 
remote,  self-contained  operation  utilizing  an  air- 
cooled  stem  in  place  of  the  laboratory  water  or 
inert-gas  cooling  systems.  A  schematic  sketch  of 
the  completed  FDU  is  shown  in  Fig.  24.  The  various 
modularized  components  are  designed  to  be  stored 
and  transported  in  one  trailer. 

The  major  components  of  the  FDU  and  their  basic 
functions  are  described  below: 

•  Thruster  -  Two  double-acting  hydraulic  cyl¬ 
inders  and  a  mechanical  chuck  are  used  for 
gripping  the  stem  and  thrusting  the  heated 
penetrator  into  the  rock  formation  and  also 
for  extracting  the  penetrator. 


Fig.  24.  Schematic  of  initial  field-demonstration 
unit. 


•  Hydraulic  Power  Supply  and  Control  Console  - 
An  electric-motor-driven  hydraulic  pusp  sup¬ 
plies  pressurized  oil  to  the  control  console 
for  use  in  operating  the  thruster.  The  con¬ 
trol  console  provides  control  of  the  thruster 
(l.e.,  of  its  direction  and  amount  of  thrust 
applied)  by  means  of  regulating  valves.  An 
accumulator  in  this  console  provides  a  reser¬ 
voir  of  available  hydraulic  power  for  rapid 
movement  of  the  thruster  or  for  emergency  use 
in  retracting  the  penetrator  in  the  event  of 
an  electrical  failure. 

•  Electric  Power  Supply  and  Control  Console  - 
Electrical  power  is  supplied  by  a  gasoline- 
engine-driven  generator  which  provides 

~  10  kV  of  240-V  single-phase  60-Hz  power. 

The  control  console  modulates  the  power  to 
the  penetrator  and  contains  a  rectifier  to 
change  the  60-Hz  to  direct  current,  a  step- 
down  transformer  to  provide  lower-voltage/ 
higher-amperage  power,  a  Variac  for  voltage 
control,  and  associated  instrumentation. 

•  Air  Compressor  -  A  gasoline-engine-powered 
air  compressor  is  used  to  supply  cooling  air 
to  the  penetrator  stem  and  for  chilling  the 
rock-gla66  lining. 

•  Melting-Consolidating  Penetrator  -  This  part 
is  a  sealed  penetrator  unit  designed  to  oper¬ 
ate  with  the  air-cooled  stem  for  penetrating 
porous  rocks  and  soils. 

•  Stem  Sections  -  Modified  sections  of  standard 
drill  rod  commonly  used  in  oil-field  drilling 
are  used.  They  are  fitted  with  an  internal 
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Fig.  25.  Consolidating  penetrator  at  exit  of 
~  15-m-long  horizontal  hole  In  tuff. 


copper  tube  which  serves  as  a  conduit  for 
the  cooling  air  and  as  a  conductor  for  the 
electrical  power  to  the  penetrator  heater. 

2.  technical  Achievements 
Significant  technical  achievements  in  this 
area  include  : 

•  The  design,  fabrication,  and  successful  uti¬ 
lization  of  two  field-demonstration  units 
for  use  with  50-mm-diam  air-cooled,  sealed, 
consolidating  penetrators. 

•  The  use  of  a  FDU  to  make  a  13-m  and  a  15-m 
horizontal  penetration  into  Bandelier  tuff. 
The  exiting  penetrator  is  shown  in  Fig.  25 
for  the  15-m-long  hole,  and  the  field-demon¬ 
stration  unit  is  shown  in  place  in  Fig.  26. 

•  Tuo  very  straight  glass-lined  holes,  one  ver¬ 
tical  and  one  horizontal,  have  been  produced 
in  Bandelier  tuff  with  a  field-demonstration 
unit.  These  holes  are  each  ~  13  m  long  and 
deviate  from  straightness  by  less  than  10  mm 
along  their  entire  length. 

•  Numerous  penetrations  into  various  loose  and 
unconsolidated  soil  sample^  including  layered 
samples  formed  from  different  loose  materials, 
have  been  conducted  to  examine  the  resulting 
glass  liners.  The  glass  liners  have  been  of 


Fig.  26.  Field-demonstration  unit  in  position  for 
horizontal  penetration. 


good  quality  and  the  smooth  transition  across 
the  layered  san^les  was  particularly 
encouraging. 

•  Eight  water  drainage  holes  were  melted  with 
a  FDU  at  the  Rainbow  House  and  T^uonyi  ar¬ 
chaeological  ruins  at  Bandelier  National 
Monument,  NM,  in  cooperation  with  the  National 
Bark  Service.  By  utilizing  a  consolidation 
penetrator,  the  required  glass-lined  drainage 
holes  were  made  without  creating  debris  or 
endangering  the  ruinE  from  mechanical  vibra¬ 
tions.  Fig.  27  showE  the  rock-melting  demon¬ 
stration  unit  in  place  at  Rainbow  House  and 
Fig.  28  shows  the  unit  at  the  plaza  in  the 
Tyuonyi  ruins.  Specifically,  thi6  operation 
has  shown  the  following: 


Fig.  27.  Rock-melting  demonstration  unit  at 
Rainbow  House  ruins. 
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Fig.  28.  Rock-melting  demonstration  unit  at 
lyuonyi  ruins. 

(1)  Subterrenes  can  be  operated  successfully 
under  field  conditions  and  In  areas  remote 
from  the  laboratory. 

(2)  The  consolidating  penetrator  can  make 
its  way  through  alluvial  formations  contain¬ 
ing  some  moderately  sized  basaltic  zt>cks  by 
thermally  cracking  the  rocks  and  farcing  the 
melt  into  the  surrounding  soil  through  the 
cracks. 

(3)  The  Subterrene  has  demonstrated  its 
first  useful  and  unique  application  and  has 
been  established  as  more  than  a  laboratory 
device. 

•  The  Subterrene  rock-melting  unit  vae  turned 
over  to  the  National  Park  Service  (NFS) 
after  completion  of  the  first  five  holes  at 
Bandelier  and  after  suitable  training  of  BPS 
personnel.  The  NPS  subsequently  melted  three 
more  holes  with  minimal  IASL  supervision. 

•  A  field-demonstration  unit  which  will  operate 
with  a  66-ma-diam  universal  extrusion  pene¬ 
trator  for  hard-rock  penetrations  has  been 
designed,  fabricated,  and  successfully  test¬ 
ed  in  basalt. 

3.  Public  Demonstrations 

The  initial  melting  of  drainage  holes  in  Indian 
ruins  at  Bandelier  National  Monument  has  been  com¬ 
pleted.  Considerable  interest  in  the  Subterrene  op¬ 
eration  was  shown  by  the  tourists  and  visitors  to  the 


Monument.  An  invitation  has  been  received  to  conduct 
a  Subterrene  demonstration  in  Washington,  DC,  in 
early  October.  Plans  for  this  event  are  In  progress, 
a  site  has  been  selected,  and  the  penetrator  equip¬ 
ment  and  mobilization  trailers  are  available. 

B.  large  Diameter,  Mobile  Test  Rig 

The  design  of  a  mobile  test  rig  has  been  com¬ 
pleted  and  the  unit  is  being  fabricated.  This  rig 
will  be  used  with  penetrators  from  50  to  127  mm  in 
diameter,  with  Initial  testing  accomplished  with  the 
llb-nc-dlam  alluvium-coring  penetrator.  The  primary 
components  of  the  rig  are: 

•  Trailer-mounted  thruster  and  stem  tower. 

•  125~kW  electric  power  supply. 

■  125-kW  rectifier  and  power  conditioner. 

•  Control  consoles,  instrumentation  displays, 
and  recording  equipment. 

The  thruster  will  he  able  to  support  pipe  stems 
300  m  long  and  will  produce  a  downward  force  of 
80,000  kN.  Through  the  use  of  a  double  set  of  grip¬ 
ping  mechanisms  and  dual  thruster  systems,  the  unit 
will  provide  continuous  movement  of  the  stem  during 
field  melting  operations. 

C.  Tower  Rig 

Melting  Consolidating  Penetrator  systems  of 
50  mm  diameter  were  used  to  melt  several  vertical 
holes  in  local  Bandelier  tuff  to  depths  of  16  and 
25  m.  These  experiments  were  significant  because 
the  holes  were  made  continuously  under  field  condi¬ 
tions  into  undisturbed  in  situ  volcanic  rock.  How¬ 
ever,  the  electric-power,  stem-cooling,  and  instru¬ 
mentation  systems  were  derived  from  laboratory 
facilities. 

The  test  stand  consisted  of  an  18-m-tall  rigging 
tower  which  supported  (1)  the  stem-and-penetrator 
assembly  during  hole  melting,  and  (2)  the  pulldown 
assembly  that  guided  the  MCP  into  the  ground.  Figure 
29  shows  the  tower  rig  and  Table  I  lists  the  operat¬ 
ing  performance  parameters  for  the  16-  and  25 -m- deep 
holes. 

Two  8-m-deep  holes  ~  300  mm  in  diameter  have 
been  drilled  in  the  tuff  formation  under  this  rig 
and  filled  with  alluvium  from  the  Nevada  Ttest  Site 
so  that  the  llk-mm-diam  alluvium  coring  penetrator 
can  be  tested  without  moving  the  tower  rig  from  its 
present  location.  A  modified  thruster  has  been  in¬ 
stalled  and  the  tower  rig  is  ready  for  testing  the 
coring  penetrator . 
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TABLE  I 


TYPICAL  OFERATKG  PERFORMANCE  PARAMETERS  FOR 
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D.  Penetrator  Life  Teat  Facility 

A  facility  le  being  designed  to  teat  the  long* 
term  abrasion  and  corrosion  wear  rate  of  melting 
penetratora.  The  facility  will  consist  of  two  unites 
each  of  which  will  control  the  operation  of  two  pene- 
tratore.  The  penetrators  will  travel  in  5-n-long 
troughs  filled  with  alluvium  or  other  types  of  com¬ 
pacted  soils  or  rocks.  After  each  teat  run  the 
glass  linings  will  be  removed  and  new  material  will 
be  added  to  the  troughs  for  the  next  test.  The  fa¬ 
cility  will  be  housed  in  a  sheltered  area  to  control 
the  moisture  content  of  the  materials  and  to  permit 
extended,  uninterrupted  operation. 

E,  Test  Site  Location  and  Preparation 

A  basalt  formation  In  Aacho  Canyon  near  Los 
Alamos  has  been  selected  as  the  Subterrene  Basalt 
Test  Site  (designated  as  LASL  Technical  Area  56) 
for  Held  demonstration  of  extruding  penetrators. 
Overburden  has  been  removed  to  expose  the  surface 
of  the  basalt  layer  for  convenience  in  conducting 
the  field  teats.  Easy  access  has  been  provided  to 
this  area,  and  the  66-mm-diam  FDU  has  been  assembled 
and  ie  operating  at  this  location. 


Fig.  Tower  rig  for  melting  holes  with 

preassembled  stem  length  of  ~  15  m. 
Rigged  for  melting  holes  in  tuff 
with  a  MSP. 
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VI.  SXBTBB  -MALTS  IE  AHD  AFPLICATIDHS 


A.  large  Tunncler  Design  and  System  Definition  Study 

1.  Introduction  and  Conceptual  Design 

The  oost  challenging  and  potentially  significant 
application  of  the  rock-melting  concept  is  Its  adap¬ 
tation  to  a  large,  continuous  tunneling  machine. 

The  extension  of  the  technology  to  a  large  -  diameter 
concept  Is  a  natural  outgrowth  of  the  program  in 
progress  at  LASL  to  develop  email  prototype  penetra- 
tors.  The  list  of  existing  and  potential  applica¬ 
tions  for  rapidly  produced,  relatively  inexpensive 
large  holes,  tunnels,  and  underground  excavations  Is 
very  long  and  offers  solutions  to  many  of  man's  most 
urgent  ecological  and  technological  problems.  The 
Implementation  of  these  applications  while  protect¬ 
ing  the  environment  and  preserving  the  natural  land¬ 
scape  Is  the  goal  of  advancements  In  excavation 
technology. 

In  their  1968  publication  on  the  subject  of  rapid 
excavation,  the  Coonlttee  on  Rapid  Excavation  of  the 
National  Research  Council  (HRC)  defined  ten  specific 
Individual  research  projects  that  should  he  pursued 
on  the  basis  of  their  potential  contribution  to  the 
field  of  underground  excavation.  Of  these  ten  rec¬ 
ommended  research  projects,  no  less  than  seven  are 
directly  relevant  to  the  research  activities  on 
rock-melting  technology  and  Its  application  to  the 
large-tunneler  concept  and  to  an  automated  geolog¬ 
ical  coring  device  termed  Oeoprospector. 

Unlike  the  small-diameter  applications  of  the 
rock-melting  concept  where  a  single  technique  for 
material  removal  may  be  utilized,  the  volume  re¬ 
quirements  of  a  large  tunneler  system  lead  quite 
naturally  to  a  combination  of  such  techniques. 
Although  numerous  combinations  of  penetration-node 
techniques  appear  feasible,  two  combinations  are 
noteworthy  because  they  attack  the  two  extremes  of 
undesirable  ground  conditions.  A  conceptual  design 
of  the  penetrating  face  of  a  tunnel-boring  machine 
for  soft  or  unconsolidated  ground  utilizing  the 
rock-melting  kerfing  technique  Is  illustrated  In 
Fig.  30.  The  tunnel  bore  Is  formed  by  a  series  of 
segmented  peripheral  kerf -melting  elements.  The 
unsymoetrlcal  profile  of  these  kerfing  elements 
directs  the  melted  rock  radially  outward  to  form  a 
thick  molten  layer  utilizing  density  consolidation 
for  melt  disposal.  A  glass-forming  section,  located 


directly  behind  the  melting  elements,  conditions 
the  molten  rock  Into  a  smooth,  continuous,  glass 
tunnel  lining.  The  Individual  segments  forming  the 
peripheral  kerf  melter  could  be  serviced  or  replaced 
a a  separate  units.  An  array  of  conventional  soft- 
ground  mechanical  cutters  la  located  on  a  rotating 
face  contained  within  the  peripheral  kerf  melter. 
Gage  cutters  are  not  required  as  a  result  of  the 
melted  and  glass-lined  tunnel  bore  and  a  continuous 
conveyor  or  hydraulic  slurry  pipeline  could  be  used 
for  conventional  muck  removal. 

A  conceptual  design  of  the  penetrating  face  of 
a  tunnel-boring  machine  for  hard,  dense,  and  abra¬ 
sive  rock  incorporating  the  rock-melting  kerfing 
technique  and  thermal-stress  fracturing  is  illus¬ 
trated  In  Fig.  31.  The  tunnel  bore  Is  again  formed 
by  a  series  of  segmented  peripheral  kerf-melting 
elements.  These  elements  employ  the  universal  melt¬ 
extruding  concept  and  direct  the  melted  debris  to  a 
continuous  removal  system  leaving  only  a  thin  molten 
layer  along  the  tunnel  bore.  A  glass-forming  sec¬ 
tion  conditions  this  molten  rock  into  a  smooth,  con¬ 
tinuous  glass  lining.  An  array  of  small-diameter 
universal  melt-extruding  penetrators  is  located  on 
the  machine  face  contained  within  the  peripheral 
kerf  melter.  These  penetrators  advance  behind  the 
melting  kerf  in  a  pattern  sufficiently  dense  to 
cause  thermal-stress  fracturing  of  the  heat-affected 
rock.  The  melted  debris  from  these  small- diameter 
penetrators  Is  directed  to  the  continuous  melt- 
removal  system.  The  concept  envisions  the  use  of 
many  closely  spaced  small-diameter  penetrators  to 
keep  the  total  melted  volume  low  while  still  Initi¬ 
ating  high  thermal  stresses  In  the  rock  regions  be¬ 
tween  adjacent  penetrators.  The  muck  resulting  from 
thermal-stress  fracturing  could  be  either  removed 
by  a  separate  conventional  system  or  mixed  with  the 
melt  debris  and  Introduced  Into  a  fluidized  pipeline 
transport  system. 

2.  Nuclear  Subterrene  Tunneling  Machine  (BSTM) 

Eased  on  preliminary  calculations,  a  power- 
source  requirement  of  ~  15  W  (thermal)  would  be  re¬ 
quired  f&r  a  kerf-melting  tunneler  for  desirable 
penetration  rates  in  the  6-m-diam  range.  Although 
electric  heaters  will  be  studied  for  a  variety  of 
geometries  and  power  levels,  it  is  anticipated  that 
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Fig.  32.  Basic  components  of  s 
liquid-metal  heat  pipe. 


economic  and  technological  tradeoffs  vill  favor  a 
compact  nuclear  power  source  at  a  total  power  re¬ 
quirement  lets  than  10  MW.  A  compact  nuclear  reac¬ 
tor  could  supply  the  energy  for  even  a  very  large 
penetrator  advancing  at  a  high  rate  and  would  permit 
the  conceptual  dealgn  of  a  self-contained  unit  con¬ 
trolled  "by  t  lemetry  from  the  surface.  Hie  size  of 
auch  a  source,  even  including  elaborate  shielding, 
would  allow  its  use  in  diameters  appreciably  smaller 
than  the  6-m  size  used  as  an  example. 

Development  work  on  systems  that  would  optimize 
the  energy  transfer  from  the  power  source  to  an  ar¬ 
ray  of  melting  penetrators  has  led  to  the  utilization 
of  the  LASL-developed  heat-pipe  technique  for  both 
nuclear  and  larger  electrical  sources.  For 
Subterrene  applications,  the  evaporator  end  of  the 
heat  pipe  la  embedded  within  the  electrical  or  nu¬ 
clear  heat  source,  and  the  condenser  section  would 


be  adjacent  to  the  rock-melting  surface.  The  basic 
components  of  a  liquid-metal  heat  pipe  are  illus¬ 
trated  in  Fig.  32. 

Die  general  field  of  heat-pipe-cooled  nuclear 
reactors  has  been  investigated  at  LASL,  and  experi¬ 
mental  work  has  been  performed  to  establish  the  fea¬ 
sibility  of  such  designs.  Die  use  of  heat  pipes  fbr 
cooling  and  transferring  energy  from  a  reactor  is 
attractive  because  it  permits  the  design  of  highly 
redundant  systems.  Die  conceptual  design  of  a  com¬ 
pact  nuclear  reactor  which  could  be  adapted  for 
Subterrene  application  i6  6hown  in  Fig.  33.  Numer¬ 
ous  heat  pipes  transport  the  reactor  energy  to  the 
melting  face  of  the  penetrator.  Two-dimensional 
heat-transfer  calculations  have  indicated  that  a 
sufficient  number  of  heat  pipes  of  overdesigned  ca¬ 
pacity  can  be  included  in  such  a  design  to  permit 
sustained  operation  of  the  reactor  with  allowable 
fuel-element  temperatures  in  the  event  of  isolated 
heat-pipe  failures.  Reactor  power  is  controlled 
through  the  use  of  multiple  control  rods  which  are 
withdrawn  through  the  aft  radiation  shield. 

3.  Potential  Sources  of  Economic  and 
Technological  Gains 

Stressing  the  total  system  concept,  the  objec¬ 
tive  is  to  provide  a  well-matched  tunneling  concept 
that  attacks  the  three  major  aspects  of  tunneling: 
excavation,  materials  handling,  and  supports  and  lin¬ 
ings.  Although  novel  rock-disintegration  techniques 
have  been  categorically  criticized  on  the  basis  of 
their  higher  specific- energy  consumption,  the  fact 
that  power  coats  represent  a  very  small  percentage 
of  the  tunnel  cost  has  been  documented.  The  follow¬ 
ing  potential  advantages  of  NSTMs  are  noted: 

•  Die  elimination  of  temporary  tunnel  supports 
by  substituting  a  formed- in-place  glass  lin¬ 
ing,  especially  in  weak  and  broken  rock. 

•  Die  elimination  of  permanent  tunnel  lining6 
In  those  applications  for  which  the  formed 
glass  lining  is  independently  adequate. 

o  Coat  reductions  resulting  from  the  use  of 
completely  prefabricated  permanent  tunnel 
linings  made  possible  by  the  dimensionally 
stable  and  precise  geometry  of  the  glass 
linings. 

•  Penetration-rate  advances  in  hard  rock  by 
the  use  of  a  continuous  process  as  opposed 

to  the  intermittent  drill-and-blast  technique. 
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Fig.  33.  Schematic  of  a  shielded,  heat-pipe-cooled  nuclear  reactor  for  Subterrene  applications. 


•  Penetration-rate  advances  in  loose  or  uncon¬ 
solidated  ground  through  the  elimination  of 
the  serious  risk  of  roof  failure. 

•  Additional  tunnel  stability  through  the  use 
of  a  hard-rock  disintegration  technique 
that  preserves  rather  than  reduces  the  in¬ 
herent  strength  of  the  unexcavated  rock  mass. 

•  Reductions  in  tunneling-machine  downtime 
through  the  elimination  of  gage  cutters  and 
reductions  in  the  number  of  mechanically 
wearing  components. 

•  Reductions  in  excavation  cost  resulting 
from  the  ability  to  produce  bores  of  any 
desired  cross-sectional  shape. 

•  Improved  environmental  control  through  the 
elimination  of  hazards  resulting  from  exces¬ 
sive  dust,  noise,  ground  shock,  fumes,  and 
ground  collapse. 

B,  Theoretical  Analysis 

1.  Introduction 

Theoretical  analysis  research  haB  progressed 
in  both  the  analytical  formulation  and  the  numerical 
analysis  directions.  Efforts  have  been  directed  to¬ 
ward  the  development  of  new  analytical  and  numerical 
techniques  for  analyzing  the  combined  fluid  dynamic 
and  heat-transfer  (lithothermodynamic)  performance 


of  melting  penetrators  and  the  application  of  these 
techniques  to  specific  penetrator  designs  and  con¬ 
cepts.  Numerous  thermal  analyses  Involving  two- 
dimensional  heat-conduction  solutions  have  been  per¬ 
formed  in  support  of  the  prototype  design  and  devel¬ 
opment  effort  to  predict  temperature  profiles  in 
critical  regions  of  penetrator  systems. 

2. _ Computer  Code  Development 

The  analytical  problem  of  a  heated  penetrator 
advancing  into  solid  rock  requires  a  study  of  the 
nonlinear  fluid  dynamics  of  creeping  viscous  flow 
with  high  thermal  flux-energy  interactions.  Although 
some  aspects  of  the  analysis  are  similar  to  classical 
areas  of  investigation  in  slow  viscous  flow  theory, 
the  couplets  problem  formulation  respresents  a  dis¬ 
cipline  of  its  own.  Solutions  will  be  characterized 
by  the  fallowing  features: 

•  Hie  characteristic  fluid  velocities  involved 
are  very  low  even  for  the  most  optimistic 
penetration  rates.  As  a  consequence,  the 
fluid  dynamics  problem  is  inherently  incom¬ 
pressible  and  the  very  low  Reynold's 
numbers  allow  the  inertia  terms  to  be  ne¬ 
glected  in  the  Navier  Stokes  equations. 

•  Hie  viscosity  of  the  melted  rock  materials 
is  very  high  and  strongly  temperature - 
dependent. 
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•  Initially,  only  steady-state  axisynmetric 
solutions  need  be  considered. 

•  In  addition  to  the  sensible-heat  transfer, 
an  effective  latent  heat  of  melting  must  he 
Included  In  the  thernBl  energy  balance. 

•  Hie  energy  contribution  from  viscous  heating 
is  negligible  and  hence  the  dissipation 
function  can  be  neglected  in  the  energy 
equation . 

Die  motion  of  a  heated  penetrator  through  a 
melting  medium  can  be  formulated  in  terms  of  the 
partial  differential  equations  governing  the  physles 
of  the  process.  In  axisynmetric  cylindrical  coordi¬ 
nates  (r,  z)  with  radial  velocity  v  sod  axial  ve- 
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the  energy  equation; 


where  P  is  the  pressure  and  u»  p,  c,  X,  and  T  are 
the  rock-melt  dynamic  viscosity,  density,  specific 
heat,  thermal  conductivity,  and  temperature, 
respectively. 

In  consideration  of  the  typical  penetrator  geom- 
trlee,  it  is  convenient  to  : ei  these  equations  in 
a  general  curvilinear  orthogonal  coordinate  system 
that  corresponds  to  the  melting  penetrator  shape. 
This  generalized  coordinate  system  1b  Illustrated 
in  Fig.  3^  where  the  new  transverse  coordinate  is 
n,  the  meridional  or  etreamwise  coordinate  is  S,  L 
is  the  local  melt-layer  thickness,  and  @o  1b  the 
angle  between  the  penetrator  surface  and  the  axiB 
of  revolution. 

Rewriting  the  basic  equations  in  the  new  coor¬ 
dinate  system  end  neglecting  lower-order  terms,  the 
simplified  equations  are: 


Fig.  31*.  General  curvilinear  orthogonal  coordinate 
system. 


2-  (oru)  +  2-  Uru)  =  0,  the  continuity  equation; 
an  3t> 
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the  S-dlrectlon  Navier  Stokes  equation;  and 
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the  energy  equation; 

where  v  is  the  transverse  velocity  component,  u  is 

the  meridional  velocity  component,  and  a  =  (dS*/dS)n 
* 

where  S  is  the  meridional  distance  along  any  constant 
n  line.  As  in  typical  boundary  layer  theory,  the  n 
direction  Navier  Stokes  equation  contains  only  lower- 
order  terms  and  is  replaced  in  this  case  with  an  in¬ 
tegral  form  of  the  continuity  equation. 

Iheee  equations,  together  with  appropriate 
boundary  conditions,  have  been  solved  numerically  by 
using  a  finite-differr>nce  technique.  Hie  results 
have  been  incorporated  into  a  computer  program  for 
performing  detailed  lithothermo  dynamic  analyses  of 
melting  penetrators. 

Ibr  future  stress-analysis  calculations  on  pene¬ 
trator  bodies,  extraction,  and  stem  components,  a 
new  computer  program  named  PLACID  has  been  developed. 
PLACID  is  a  finite-element  stress-analysis  program 
capable  of  generating  plane  stress,  plane  strain, 
and  axisynmetric  solutions.  A  unique  feature  of 
this  code  is  that  all  input  is  programmed  by  the 
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Fig.  35.  (felt  Interface  location  ae  a  function  of 
penetration  rate  for  an  alluvium- coring 
penetrator. 

user  via  subroutines.  As  a  result,  material  prop¬ 
erties  can  be  nonlinear,  time-  and/or  temperature- 
dependent,  and  can  also  possess  three-dimensional 
anisotropy. 

3.  Significant  Analytical  Results 

Noteworthy  technical  achievements  in  this  area 
include: 

•  Utilizing  the  newly  developed  lit ho  thermo¬ 
dynamic  computer  program,  calculations  have 
been  performed  for  the  Ult-mm-diam  alluvium- 
coring  penetrator.  Ihese  calculations  in¬ 
dicate  that  the  penetration  rate  will  be 

0.2  mm/s  for  a  uniform  surface  temperature 
of  2000  K  and  typical  conductivities  of  sol¬ 
id  and  melted  rock.  For  a  uniform  penetra¬ 
tor  surface  temperature  of  1800  K,  the  pene¬ 
tration  rate  decreases  approximately  linear¬ 
ly  with  the  decreasing  temperature  differ¬ 
ence  available  for  melting.  Calculated 
results  for  the  melt-to-solid  interface  lo¬ 
cation  for  various  penetration  rates  in  tuff 
ore  shown  in  Fig.  35. 

•  Calculations  were  performed  to  predict  the 
significant  lithothermodynamic  character¬ 
istics  of  the  high-advance-rate  82-mn-diam 
UEP.  The  predicted  performance  map  for  this 


Fig.  36.  Calculated  lithothermodynamic  performance 
of  a  hemisphere-cylinder  consolidating 
penetrator  in  tuff. 

penetrator  design  melting  in  basalt  was  pre¬ 
sented  in  Section  II-B  cf  this  report. 

•  Parametric  lithothermodynamic  analyses  have 
been  conducted  on  consolidating  penetrators 
with  different  geometrical  shapes.  Calcula¬ 
tions!  results  for  a  hemisphere-cylinder  ge¬ 
ometry  based  on  typical  local  tuff  properties 
are  shown  in  Fig.  36.  Uie  theoretical  pene¬ 
tration  rate  in  the  consolidation  mode  la 
shown  to  be  proportional  to  the  heated  length 
of  the  penetrator  as  represented  by  the  lengtfc- 
to-diameter  ratio  for  a  75-mm-diam  penetrator. 
As  indicated  by  the  cross-plot  lines  of  con¬ 
stant  melt-layer  thickneaa  at  the  penetrator 
tip,  the  maximum  penetration  rate  could  be 
limited  by  unmelted  card  particles  such  as 
quartz  crystals.  Note  that  the  calculatlonal 
results  presented  in  'ig.  36  do  not  satisfy 
the  consolidation  relation  locally  but  only 
require  that  the  melt  layer  at  the  end  of  the 
heated  penetrator  afterbody  be  sufficiently 
thick  for  complete  density  consolidation  of 
the  melt.  Psnetrators  exhibiting  this  type 
of  melt- layer  control  will  be  referred  to  as 
Melt  Transfer  Consolidation  (MIC)  penetrators 
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Fig.  37.  Calculated  11  thothermo dynamic  performance 
of  a  double- cone  consolidating  penetrator 
In  tuff. 

to  denote  the  fact  that  molten  rock  la  trans¬ 
ferred  according  to  a  calculated  axial  ve¬ 
locity  profile  from  the  leading-edge  sur¬ 
faces  or  the  penetrator  to  Its  afterbody 
where  the  final  density  consolidation  melt- 
layer  thickness  relation  Is  satisfied. 

•  Hie  calculated  penetration  rate,  surface 
temperature,  and  minimum  thrust  requirement 
as  a  function  of  heating  power  (not  includ¬ 
ing  stem-conduction  losses)  for  the  75-nm- 
dlam  consolidating  penetrator  are  shown  in 
Fig.  37.  These  calculations  show  that  the 
theoretical  penetration  rate  of  this  double¬ 
cone  shape  is  considerably  lower  than  that 
of  the  hemisphere-cylinder  geometry  shown 
In  Fig.  3 6  for  the  same  but face  temperature 
and  the  same  length- to-dlameter  (l/d)  ratio. 
This  conclusion  was  also  verified  for  a 
parabolic  penetrator.  Indicating  the  iapor- 
tance  of  penetrator  geometry  on  advance 
rate.  Hie  rapidly  decreasing  minimum  thrust 
depicted  in  Fig.  37  is  a  result  of  the 
strongly  decreasing  viscosity  associated 
with  the  higher  penetrator  surface 
temperatures. 


•  A  theoretical  Investigation  on  the  effective¬ 
ness  of  extended  melting  surfaces  was  per¬ 
formed.  For  DEPs,  extended  melting  sur¬ 
faces  can  be  used  advantageously  particular¬ 
ly  when  combined  with  multiple  melt-removal 
ports  which  direct  the  external  melt  to  the 
Interior  of  the  penetrator.  By  preserving 

a  thin  external  melt  layer,  the  effective¬ 
ness  of  the  extended  surfaces  is  greatly  en¬ 
hanced.  In  the  consolidation  mode,  however, 
the  melt  layer  can  only  be  kept  thin  over 
the  leading  edge  of  the  penetrator  and  the 
potential  advantages  of  extended  melting 
surfaces  rapidly  diminish  along  the  remainder 
of  the  penetrator  body. 

C.  Systems  Integration  and  Model  Studies 

lhe  first  major  systems  Integration  and  model 
study.  Incorporating  both  technical  and  economic 
model  developments,  has  been  performed  for  the  large 
tunneler  concept.  Hiree  specific  objectives  were 
established  for  this  study:  First,  to  develop  tech¬ 
nically  sound  conceptual  designs  of  nuclear  Siibter- 
rese  tunneling  machines  (HSTMs).  Second, to  make  a 
cost  comparison  between  the  conceptual  NSlMs  and 
tunneling  with  Tunnel  Boring  Machines  (TBMs)  or  con¬ 
ventional  excavation  methods.  And  third,  to  deter¬ 
mine-  the  benefit-to-cost  ratio  for  a  projected  major 
Subterrene  development  program  costing  ~  $100  x  10^ 
over  an  eight-year  period.  The  basic  characteris¬ 
tics  and  assumptions  Involved  In  the  systems  model 
development  are  outlined  below: 

•  Two  conceptual  designs  for  NSTMs,  similar  to 
those  described  In  Section  VT-A,  were  uti¬ 
lised  in  the  model  study. 

•  Tunnel  sizes  studied  ranged  from  A  to  12  m 
finished  diameter  and  the  average  operation¬ 
al  sustained  advance  rate  was  1.5  m/h. 

•  Thermal  energy  for  rock-melting  was  obtained 
from  a  contact  nuclear  reactor  with  liquid- 
metal  heat  pipes  being  used  to  distribute 
the  energy  to  the  rock-melting  face. 

•  The  NSIM-generated  glass  tunnel  liners  elim¬ 
inated  any  other  form  of  temporary  support. 

Hie  glass  liner  thicknesses  assumed  for  cost¬ 
ing  purposes  were  4$  of  the  finished  tunnel 
diameter  for  unfavorable  conditions  and 

2$  of  the  finished  tunnel  diameter  for  sound, 
herd  rock. 
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Pig.  38.  Effect  of  advance  rate  on  baseline  tunnel 
coat. 

•  The  permanent  tunnel  llnera  consisted  of  the 
rock  glass  plus  a  conventional  concrete 
liner,  with  overall  liner  thickness  equaling 
856  of  the  tunnel  diameter. 

•  The  excavation  face  was  sealed  by  the  NS  IN; 
muck  removal  was  by  the  hydraulic-slurry 
method;  and  the  glass  liner,  reactor  compo¬ 
nents,  and  tunnel  air  were  water-cooled. 

the  study  results  indicated  that  for  very  hard 
rock  or  unfavorable  soft  ground  (e.g.,  wet,  running, 
bouldery),  average  cost  savings  of  NSTJfe  over  TBMs 
or  conventional  methods  were  estimated  to  be  of  the 
order  of  30  and  50&  respectively.  Excellent  cost 
benefits  for  the  development  of  N5TM  systems  were 
indicated,  considering  only  U.S.  transportation  de¬ 
mands  up  to  CY  1990.  The  predicted  effect  of  ad¬ 
vance  rate  on  tunnel  cost  for  a  baseline  case  is 
shown  in  Fig.  38.  Many  other  potential  benefits  in 
addition  to  transportation  applications  also  exist. 
She  nuclear  thermal-power  requirements  were  calcu¬ 
lated  to  be  7  and  63  for  4-  and  12-m-diam  tun¬ 
nels,  respectively,  as  illustrated  in  Fig,  39-  The 


Finished  Tunnel  Diameter  (m) 


Fig,  39.  Reactor  thermal  power  vs  finished  tunnel 
diameter. 


cost  of  the  thermal  power  required  to  melt  the  rock 
was  ~  4  to  Tf>  of  the  total  excavation  project  cost. 
D.  Applications  and  Technology  Utilization 

The  number  of  novel  and  conventional  applica¬ 
tions  of  Subterrene  technology  that  have  been  inves¬ 
tigated  continue  to  increase  and  range  from  deep 
hot-rock  penetrations  for  geothermal-energy  explora¬ 
tion  to  enqjlacements  in  arctic  permafrost. 

Particular  interest  in  small-diameter,  horizon¬ 
tal,  glass-lined  holes  motivated  a  separate  study, 
which  has  been  completed.  These  small  horizontal 
borings  can  be  used  as  underground  utility  conduits 
fbr  the  installation  of  telephone,  gas,  water,  and 
television  lines;  as  glass-lined  holes  for  high- 
explosive  shot  emplacement;  and  as  drainage  holes 
to  stabilize  roadcuts  and  embankments.  The  study 
indicates  that  hole  straightness  requirements  can 
he  met  by  adding  deviation  sensors  and  alignment- 
control  units  to  the  hole- forming  assembly. 

The  technical  reports  on  all  phases  of  Subter¬ 
rene  activities  continue  to  be  in  demand  and  are 
forwarded  to  all  interested  parties.  Lists  of  com¬ 
pleted  and  in-progress  Subterrene  technical  reports, 
including  those  intended  for  publication  in  scien¬ 
tific  Journals,  appear  in  Section  VH.  The  Subter¬ 
rene  was  featured  on  the  front  covers  of  the  June 
1973  issue  of  "Mining  Engineering"  and  the  July  1973 
issue  of  "Water  Well  Journal."  Both  issues  contain¬ 
ed  acconpanylng  articles.  An  article  entitled 


31 


"Subterrene  Rock  Melting  Devices -Shoving  the  Way  to 
New  Tunneling  Techniques"  has  been  prepared  at  the 
request  of  the  editor  of  "Tunnels  and  Tunnelling" 
magazine.  This  publication  is  the  news  outlet  for 
the  British  Tunnelling  Society.  In  conjunction  with 
the  large-tunneler  study,  all  major  U.S.  tunnel- 
boring  machine  manufacturers  were  visited  and  brief¬ 
ed  on  the  Subterrene  concept.  Technical  comments 
and  suggestions  from  their  engineering  staffs  were 
utilized  as  guidelines  in  the  conceptual  HSTM  study. 

Technical  briefings  presented  to  interested 
individuals  and  groups  by  the  Subterrene  staff  con¬ 
tinue  at  the  rate  of  about  ten  per  month.  Interest¬ 
ed  individuals  and  groups  Include  United  States 
Senators,  representatives  of  major  industrial  con¬ 
cerns,  representatives  of  the  armed  forces,  utility 
and  power  distribution  specialists,  drilling  and 
oil-field  specialists.  University  professors,  tech¬ 
nically  oriented  professional  engineers,  and  college 
students. 

As  a  result  of  discussions  with  Westlnghouse 
Corp.,  an  Industrial  Staff  Member  has  been  assigned 
to  the  LASL  Subterrene  project  and  is  currently 
working  in  the  area  of  penetrator  thermal  analysis. 

A  contact  was  made  with  Mr.  Walter  W,  Long  of 
the  University  of  New  Mexico,  NASA  Technology  Appli¬ 
cations  Center  (TAC).  Discussions  of  the  possible 


Interest  by  TAC  in  doing  a  real-time  study  of  the 
Subterrene  technology  trsnsfer  efforts,  methodology, 
and  successes  Indicated  thst  the  TAC  would  be  inter¬ 
ested  in  such  a  collaborative  effort. 

The  structure  of  the  proposed  Subterrene 
Technology  Advisory  Panel  has  been  established  with 
the  following  initial  membership: 

•  Chairman  -  A  person  with  broad  engineering 
experience. 

•  One  member  from  a  Federal  Agency  with  inter¬ 
est  and  responsibilities  in  tunneling  and 
excavation. 

•  A  University  professor  from  a  civil,  mining, 
or  geological  engineering  department  with 
well-recognized  expertise  in  excavation 
technology. 

•  An  economist  with  expertise  in  excavation 
technology  (desirable). 

•  Three  representatives  from  related  Industries. 

Initial  impact  in  the  area  of  public  demonstra¬ 
tions  has  been  achieved  through  the  use  of  a  mobile 
Subterrene  field-demonBtration  unit  in  Bandeller 
National  Monument,  NM.  In  addition,  a  short  docu¬ 
mentary  color  film  on  the  Subterrene  concept  has 
been  produced,  and  narration  via  a  cassette  tape 
will  be  available  shortly. 
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VII.  TECHNICAL  REPORTS 


Copies  of  the  reports  listed  below  can  be  obtained  Aron: 

National  Technical  Information  Service  (KT3S) 

U.S.  Department  of  Comnerce 
5285  Port  Royal  Road 
Springfield,  Virginia  22151; 

the  completed  reports  are  identified  by  their  LA-MS 
numbers  by  NTIS, 

Discussions  of  the  technical  reports  can  be  directed  to 
individual  authors  at: 

University  of  California 
Los  Alamos  Scientific  Laboratory 
P.O.  Box  1663 
Group  Q-23 

Los  Alamos,  New  Mexico  87544 
Telephone:  (505)  667-6677 


A.  COMPLETED  TECHNICAL  REPORTS 


LASL 

Report  No. 

Title 

Author(s) 

LA-4959-MS 

Thermodynamic  Stability  Considerations  in  the  Md-HN-C  System. 
Application  to  Prototype  Sue  terrene  Penetrator s . 

M.  C.  Krupka 

LA- 5094-MS 

Internal  Reaction  Phenomena  in  Prototype  Subterrene  Radiant 

Heater  Penetrator s. 

M.  C.  Krupka 

LA- 5135-MS 

Internal  Temperature  Distribution  of  a  Subterrene  Rock-Melting 
Penetrator. 

R.  G.  Side 

LA- 5204-MS 

Subterrene  Penetration  Rate-Melting  Power  Relationship. 

R.  G.  Gldo 

LA- 5205-MS 

Design  and  Development  of  Prototype  Universal-Extruding 

Subterrene  Penetrators. 

J.  V.  Neudecker 
A.  J.  GIger 

P.  E.  Armstrong 

LA- 5206-MS 

Identification  of  Potential  Application#  for  Rock  Melting 
Subterrenes . 

D.  L.  Sima 

LA- 5207-MS 

Heat  less  Calculations  for  Small  Diameter  Subterrene 

Penetratora. 

D.  J.  Murphy 

R«  6.  Gldo 

LA- 5208-MS 

Phenomena  Associated  with  the  ftrocess  of  Rock-Melting. 

Application  to  the  Subterrene  System. 

M.  C.  Krupka 

LA- 5209-MS 

Development  and  Construction  of  a  Modularized  Mobile  Rock- 
Melting  Subterrene  Demonstration  Unit. 

R.  E.  Williams 

LA- 5210-MS 

large  Subterrene  Rock-Melting  Tunnel-Excavation  Systems. 

A  Preliminary  Study. 

R,  J.  Hanold 

LA- 5212-MS 

Design  Description  of  Melting-Consolidating  Prototype 

Subterrene  Penetratora. 

J.  W.  Neudecker 

LA- 5213-MS 

Description  of  Field  TeBts  for  Rock  Melting  Penetration, 

R.  G.  Gldo 

LA- 5354-MS 

Systems  and  Cost  Analysis  for  a  Nuclear  Subterrene  Tunneling 
Machine  ••  A  Preliminary  Study. 

J.  H.  Alteelmer 

LA- 5370-MS 

Use  of  the  Rock-Melting  Subterrene  for  Formation  of  Drainage 

Holes  in  Archaeological  Sites. 

R.  E.  Williams 

J.  E.  Griggs 
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B.  TECHNICAL  REPORTS  IN  HIOGRESS 


Title 


Rock  Heat-Loss  Shape  Rectors  for  Sub terrene  Penetrators . 

Thermal  Design  Analysis  of  a  Subterrene  Universal  Extruding 
Penetrator. 

Description  of  the  AYER  Heat  Conduction  Computer  Program. 

A  Versatile  Rock-Melting  System  for  the  Formation  of  Snail 
Diameter  Horizontal  Glass  Lined  Holes. 

Conceptual  Design  of  a  Coring  Subterrene  Geoprospector. 

Numerical  Solution  of  Melt  Flow  and  Thermal  Ffcergy  Transfer 
for  a  Rock-Melting  Benetrator  -  Llthothermo dynamics . 

PIACID  -  A  General  Finite  Element  Computer  Program  for 
Stress  Analysis  of  Plei.e  and  Axieymnetric  Solids. 

Field  and  Laboratory  Results  for  Consolidating  Bcnetrators 
from  25  to  75  «  In  Diameter. 

Unique  Refractory  Fabrication  Techniques  for  Subtarrene 
Penetratore. 

Selected  Physico-Chemical  Properties  of  BaBalt  Rock, 
Liquids,  and  Glasses. 

Carbon  Receptor  Reaction  in  Subterrene  Penetratore. 


Design,  Analysis,  and  Tests  of  a  Consolidating,  Coring 
Penetrator. 


Author (s) 

G.  E.  Cort 

R.  G.  Gldo 

G.  E.  Cort 

B.  G.  Lawton 
D.  L.  Sims 

J.  W.  Neudecker 
R.  D.  McFarland 

F..  G.  Lawton 

C.  A.  Bankston 

Yf.  C.  Turner 

M.  C.  Krupka 

V.  A.  Stark 
M,  C.  Krupka 

H.  D.  Murphy,  et  al 


J.  C.  Rowley 


J.  C.  Rowley 


J.  C.  Rowley 


J.  W.  Neudecker 


J.  C.  Rowley 
R.  J.  Banold 
D.  L.  Sims 


C.  HtESENTATIDNS  AND  JOURNAL  ARTICIES 

University  of  California  Regents  (Invited  Lecture) 
IASL  Subterrene  Program 

Committee  on  Advanced  Developments  ( Invited  Presentation) 

Subterrene  Concepts  for  Mini-Tunneler  for  Undergroundlng 
of  Bower  Transmission  Lines. 


Rocky  Mountain  Science  Council  (invited  Presentation) 
Rock-Melting  Excavation  and  Tunneling. 


Aerospace  Instrumentation  Symposium 

Subterrene  Instrumentation  Requirements;  Instrumentation 
In  the  Aerospace  Industry,  Vol.  19,  W.  Washburn  Ed., 
pp.  7-10,  1973. 


Technical  Seminar  on  Rapid  Tunneling  & 
Excavation  Technology  (Invited  Presentation) 

The  Subterrene  Rock-Melting  Concept  In  Future  Excavation 
Technology, 


Los  Alamos,  NM 
April  12-13,  1973. 


Edison  Electric 
Institute, 

Los  Alamos,  NM, 
May  1,  1973- 


Los  Alamos,  NM, 
Pfay  11-12,  1973. 


Instrument  Society 
of  America, 
las  Vegas,  HV, 

May  21-23,  1973. 


U.S.  Air  Force, 
Weapons  laboratory 
Civil  En®r.  Res.  Dlv. 
Albuquerque,  NM, 

May  31,  1973. 
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J.  C.  Rowley 


P.  E.  Armstrong 


R;  J;  Hanold 
J.  V.  Neudecker 


J.  H.  Altselmer 


R.  J.  Hanold 


M.  C.  Krupka 
W.  J.  Stark 


D.  L.  Sims 


R,  0.  McFarland 
R„  J.  Hanold 


J.  C.  Rowley 


Arkansas  River  Basin  Group  (invited  lecture) 

The  USL  Subterrene  Program. 

21st  Meeting  of  Rational  Refractory 
Composites  Working  group  (Invited  Presentation ) 

Subterrene  Bsnetration  Materials. 

Engineering  &  Planning  Conaittee  Meeting  (invited  Talk) 
The  LASL  Sub  terrene  Program. 

Tunnels  &  Tunneling  (Invited  Article) 

Subterrene  Rock  Melting  Devices  —  Showing  the  Way  to 
New  Tunneling  Techniques. 


15th  Symposium  on  Rock  Mechanics  (Presentation) 

The  Subterrene  Concept  and  Its  Role  In  Future  Excavation 
Technology. 


26th  Regional  Meeting  (Presentation,  Abstract  Accepted) 

Refractory  Material  and  Glass  Technology  Problems 
Associated  with  the  Development  of  the  Subterrene  —  A 
Rock  Melting  Drill. 

1974  Offshore  Technology  Conference  (Paper  Abstract) 

Melting  Glass  Lined  Holes  in  Rock  and  Soil  with  the 
Los  Alamos  Scientific  laboratory  Subterrene. 


24th  Heat  Transfer  &  Fluid  Mechanics  Institute  (Abstract) 

Viscous  Melt  How  and  Thermal  Energy  Transfer  fear  a  Rock- 
Melting  Penetrator  -=  Lithothermo dynamics. 


3rd  International  Congress  (Abstract  Submitted) 
Rock  Malting  Applied  to  Excavation  &  Tunneling. 


Los  Alamos,  KM, 

July  17,  1973. 


Los  Alamos,  KM, 
July  lB-19,  1973. 


WEST  Associates, 

Los  Alamos,  KM, 
August  13-14,  1973* 


British  Tunneling 
Society, 

September  7,  1973 
(intended  for  next 
Issue. ) 


U.S.  National  Conn,  on 
Rock  Mechanics  &  Dept. 

of  Mining  Bngr., 

Sept.  17-19,  1973. 


American  Ceramic 
Society, 

Oct.  31-Hov.  2,  1973. 


Sffi  of  AIME 
Dallas,  TX, 
May  5-8,  1974. 


Oregon  State  Univ. 
Mech.  Ecgr.  Dept. 
Corvallis,  oh, 

June  12-14,  1974. 


International  Society 
for  Rock  Mechanics 
Denver,  CO, 

September  2-7,  1974. 
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